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11.1 Background
The heart can be viewed functionally as two electrically activated pumps with the pulmonary and 
systemic circulations situated in between the pumps. Electric activation starts at the sinoatrial (SA) node 
located within the posterior wall of the right atrium (RA). Action potentials generated by the SA node 
spread as a wave throughout the atria. The atria are electrically separated from the ventricles by non-
conducting connective tissue except for the atrio-ventricular (AV) node located in the inferior-posterior 
region of the interatrial septum. The AV node consists of highly specialized conducting tissue that slows 
the impulse conduction, resulting in a delay of ventricular activation. This delay is important because it 
allows sufficient time for complete atrial depolarization, contraction, and emptying of atrial blood into 
the ventricles prior to ventricular activation and contraction. The slow conduction of the AV node also 
helps to limit the frequency of impulses traveling through the AV node, an important safety feature in 
case of atrial arrhythmia/tachycardia. For optimal functioning of the heart as a pump it is important that 
the heart is activated in a constant rhythm, and that the frequency of this rhythm is sufficiently low to 
allow the ventricles and atria to fill before they contract.
1.1.1 Atrial Fibrillation
Atrial fibrillation (AF) is characterized by irregular electrical conduction in the atria and irregular activation 
of the atria and ventricles. Exercise capacity of persons in AF is reduced because they do not show rate 
adaptation, a process where the heart rate responds to the activity level of a person. Moreover, the 
cardiac pump function is reduced because the ventricles can be activated before ideal filling time has 
passed.1 Reduction of cardiac pump function causes impaired blood flow, leading to an increased stroke 
risk.2
AF is associated with a 1.5 to 2-fold increase in all-cause mortality.3 With a current incidence ranging 
between 0.21 and 0.41 per 1.000 persons/year, AF is already the most common arrhythmia,4 but its 
incidence is still growing. The ever increasing AF incidence is linked to an increase in incidence of AF risks 
factors, for instance obesity and high blood pressure. The number of AF cases is increasing worldwide, 
not only due to the growing AF incidence, but also because the detection rate for AF is higher due to 
more and better screening techniques.5 It is estimated that AF will affect 14-17 million people worldwide 
by 2030.4 
Although still not completely understood, mechanisms that initiate or sustain AF are often divided into 
two categories. Triggers are the first mechanism, they occur as ectopic focal activity which is caused 
by electrical impulses generated by cells other than the sinus node. The generation of these impulses 
can be faster than the pacemaker activity of the SA node and can occur anywhere in the atria, thereby 
disturbing the normal conduction pattern of atrial activation. The majority of focal activity inducing AF is 
found in the pulmonary vein regions.6
Altered electrophysiological properties, sometimes but not always due to altered structural properties 
of the atria, are responsible for the second mechanism that may initiate or sustain AF. This mechanism 
is hence often indicated by “AF substrate”. Electrophysiological properties can be altered in response to 
AF risk factors, for instance high blood pressure, but may also be induced by AF itself. Within minutes 
to hours of AF, electrical changes in atrial tissue can be found, called electrical remodeling.7 The high 
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1 atrial activation rate causes an array of changes in ion currents that result in shortening of the cellular 
action potential8 allowing the cells to be reactivated sooner than normal.9 A second effect of electrical 
remodeling is that some, but not all, atrial cells are easier to activate.10 Because the cells can now be 
activated in rapid succession, and because the activation wave does not spread homogeneously over 
the cells, the chance of reentry and AF maintenance increases.
Besides electrical remodeling, atria also undergo structural remodeling as a consequence of AF.11 In 
reaction to increased mechanical loads, the atria become enlarged12 and a mild form of endomysial 
fibrosis occurs.10,13 Atrial fibrosis causes local conduction heterogeneities, particularly at short activation 
intervals, favoring reentry and AF maintenance.14 Both processes contribute to the increasing stability of 
AF over time,15 making it a progressive disease with a clear need for early treatment.16,17
1.1.2 Catheter ablation for atrial fibrillation
Catheter ablation aims to remove either the trigger that generates AF, or the circuit that sustains AF once 
it has started. An ablation catheter is inserted through a vein or artery in the groin and is brought into 
the atria. The tip of the ablation catheter destroys atrial tissue by applying energy, either in the form of 
heat or cold.18 The advantage of catheter ablation is that it is less invasive compared to surgery and, if 
successful, the patient no longer needs drugs to remain in sinus rhythm. The removal of a trigger can 
be achieved by electrically isolating areas with triggered activity from the rest of the atria.19 An example 
of this is pulmonary vein isolation (PVI), where the pulmonary veins (PVs) are isolated from the atria by 
destroying a ring of tissue around the entrance of the PVs. By destroying the tissue, the cells can no 
longer conduct electrical signals and therefore the PVs are electrically isolated from the left atrium. AF 
reentry can be disrupted by destroying a line of tissue over the atrium that is in the path of the reentry 
circuit. PVI is currently the cornerstone of catheter ablation for AF, but other options have been tried 
over the years. In the last decade, research has focused on terminating AF by targeting AF substrate 
mechanisms that could potentially maintain AF. For example, complex fractionated atrial electrograms 
(CFAEs)20 have been suggested to represent highly complex AF with a high degree of conduction block. 
Such areas may generate more fibrillation waves than they absorb. Another option that was explored 
was rotor ablation21 thereby assuming that atrial activation spirals around a central core. However, in 
the past years it has been shown that neither the addition of CFAE ablation to PVI nor the addition of 
rotor ablation to PVI consistently and reproducibly increase the long-term rhythm outcome of patients 
undergoing AF ablation.22,23
1.2 Thesis outline
Around 30% of patients show recurrence of AF within a year of the ablation procedure.24 AF is confirmed 
by an irregular ventricular rate and a lack of P-waves in the ECG. The morphology of the P-wave changes, 
depending on where on the body the P-wave is measured. In Chapter 2, we present a technique to 
link the P-wave measured on the body surface to endocardial atrial activations during the course of the 
P-wave. The P-wave might contain information on the conduction around the pulmonary veins, especially 
the terminal portion of the P-wave that mostly reflects left-atrial activity. We investigated a technique to 
find out whether it is possible to find the true end of left atrial activity in the P-wave on the ECG, and which 
location on the body surface is most suitable to find the end of the P-wave.  Accurate measurement of 
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1the P-wave is important since P-wave duration was found to be associated with an increased risk of AF in 
12-lead ECG recordings.25 Interestingly, increased AF risk was not only shown for long, but also for short 
P-wave durations. The mechanism behind this association is still unclear. Therefore, it is interesting to 
be able to investigate the nature of the relation between total atrial activation time, atrial conduction 
pattern during sinus rhythm, and the associated P-wave duration.
Although the freezing and heating techniques to destroy atrial tissue are advancing rapidly, the success 
rate of AF ablation has remained constant over de past decade. Studies have shown that an increasing 
number of patients who return in AF after PVI still have isolated PVs.30–33 This suggests that the trigger, 
or the atrial source that sustains AF, must be located elsewhere in the atrium. Therefore, it is likely 
that the recurrence rate of AF is not caused by improper energy delivery to the atrial tissue, but by a 
lack of mapping methods to locate an AF source outside the PVs. The narrow field of view of currently 
used mapping catheters may play a role in the difficulty of finding these sources outside of the PV. 
Multiple studies show that candidate AF sources exhibit repetitive patterns of wave propagation.34–38 
The existence of stable repetitive patterns during AF would allow recordings of different atrial sites 
to be combined into a complete overview of repetitive conduction in the atrium. This can be done 
by recording the atrial wall simultaneous with the repetitive area and then combining the atrial 
recordings based on the repetitions, as is already common in 3D mapping of stable patterns such as 
flutters.39 Besides, repetitive conduction patterns are of interest because they might reflect anatomical 
structures harboring preferential conduction paths and thereby reflect the underlying bundle structure 
of the atrium.37,40,41 For these reasons a mapping technique able to find repetitive patterns may help 
to study structure-function relationships during fibrillatory conduction. A panoramic view of repetitive 
conduction may provide new insight in AF mechanisms, with the potential to identify and localize AF 
sources. Chapter 3 presents a new technique to analyze atrial mapping data to gain insight into the 
incidence and conduction characteristics of repetitive patterns of atrial conduction using an AF goat 
model. The technique uses recurrence plots to represent 60 seconds of high density contact mapping 
data. The recurrence plot is used to detect repetitive patterns, and a method is presented to determine 
if individual repetitive intervals are one time occurrences, or if repetitive intervals repeat over time. 
In Chapter 4 we apply the recurrence plot technique to high-density atrial maps of paroxysmal and 
persistent AF patients to detect repetitive patterns. This chapter presents data on the difference in 
occurrence and variability of repetitive patterns between paroxysmal and persistent AF patients. The 
conduction pattern within a recurrent interval is explored by visualizing individual repetitive intervals, 
and then classifying these intervals in conduction pattern categories. Classification of the patterns 
can show the activation path responsible for the repetitiveness of the conduction, and may provide 
information on the underlying structural or functional mechanism causing AF.   
Though catheter ablation for AF is worldwide the most commonly performed ablation technique19, some 
questions remain to be answered regarding the optimal use of this procedure. One of the questions 
is whether to use pharmacological agents to check robustness of ablation lines. Catheter ablation uses 
either heat or cold to destroy tissue. Tissue that is heated or cooled, but not destroyed, can show a 
temporary loss of function.mmmmmmm This may lead to the false conclusion that an ablation line is complete, 
where it may in fact be able to conduct electrical activity after recovery from the temporary loss of 
function. It has been demonstrated that complete isolation lines show less recurrence of AF compared 
to incomplete ablation lines.27 Pulmonary veins can reconnect within 3 months after the ablation, even 
though the robustness of the ablated line was checked after the PVI procedure by confirming exit block 
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1 and a loss of or dissociation of local electrograms in the ablated zone.27,28 Adenosine can be used to 
reveal this so called ‘dormant conduction’ of tissue during the PVI procedure.29 In Chapter 5, we present 
a study where we used a European multicenter registry to investigate the use of adenosine in Europe. 
We also present selected long-term findings of adenosine use.
The thesis is concluded in Chapter 6 with a General Discussion in which the findings of the various 
chapters are put  into broader perspective and where the scientific and societal impact of this thesis is 
discussed. 
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Abstract
Introduction 
Electrical contact mapping provides a detailed view of conduction patterns in the atria during atrial 
fibrillation (AF). Identification of repetitive wave front propagation mechanisms potentially initiating 
or sustaining AF might provide more insights into temporal and spatial distribution of candidate 
AF mechanism and identify targets for catheter ablation. We developed a novel tool based on 
recurrence plots to automatically identify and characterize repetitive conduction patterns in high-
density contact mapping of AF. 
Methods
Recurrence plots were constructed by first transforming atrial electrograms recorded by a multi-
electrode array to activation-phase signals and then quantifying the degree of similarity between 
snapshots of the activation-phase in the electrode array. An AF cycle length dependent distance 
threshold was applied to discriminate between repetitive and non-repetitive snapshots. Intervals 
containing repetitive conduction patterns were detected in a recurrence plot as regions with a high 
recurrence rate. Intervals that contained similar repetitive patterns were then grouped into clusters. 
To demonstrate the ability to detect and quantify the incidence, duration and size of repetitive 
patterns, the tool was applied to left and right atrial recordings in a goat model of different duration 
of persistent AF (3 weeks AF (3wkAF, n=8) and 22 weeks AF (22wkAF, n=8)), using a 249-electrode 
mapping array (2.4mm inter-electrode distance).
Results
Recurrence plots identified frequent recurrences of activation patterns in all recordings and 
indicated a strong correlation between recurrence plot threshold and AF cycle length. Prolonged 
AF duration was associated with shorter repetitive pattern duration (mean maximum duration 
3wkAF: 74 cycles, 95% confidence interval [54-94] vs. 22wkAF: 41 cycles [21-62], p=0.03), and smaller 
recurrent regions within repetitive patterns (3wkAF 1.7cm2 [1.0-2.3] vs. 22wkAF 0.5cm2 [0.0-1.2], 
p=0.02). Both breakthrough patterns and reentry were identified as repetitive conduction patterns.
Conclusion
Recurrence plots provide a novel way to delineate high-density contact mapping of atrial fibrillation. 
Dominant repetitive conduction patterns were identified in a goat model of sustained AF. Application 
of the developed methodology using the new generation of multi-electrode catheters could identify 
additional targets for catheter ablation of AF.
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3
3.1 Introduction
During atrial fibrillation (AF) electrical conduction patterns in the atria are divers, variable, and often 
complex. The complexity of these wave front patterns, i.e. the number of waves that propagate through 
the atria during each AF cycle, typically increases with AF duration.1 Catheter ablation of AF aims at 
isolation of triggers for AF and at elimination of a dominant electrical mechanism that initiates or sustains 
AF. Current success rates of various approaches to catheter ablation of AF in patients show that there is a 
need to systematically identify additional targets besides the pulmonary veins (PV), especially in patients 
undergoing redo procedures after initially successful PV isolation. Several candidate mechanisms, 
associated detection algorithms, and ablation strategies have been proposed and applied in the last few 
decades, but this has not yet led to significantly improved long-term ablation outcome.2,3 
Proposed candidate sources of AF often show a high degree of repetitiveness. Repetitive focal patterns 
of activation detected in high-density mapping have been reported in patients with persistent AF4,5, but 
others found repetitive focal events to be rare6. Highly repetitive microreentrant sources were found 
using optical mapping, both in sheep7 and in a small diverse set of human explanted hearts8, but also 
using panoramic contact mapping9. Other studies suggest more unstable spatiotemporal behavior 
of reentrant circuits, driven by an underlying stochastic process of wave generation10 or clustered at 
the borders of fibrotic atrial regions11. Repetitive AF sources were also identified in several anatomical 
locations with a more general approach based on high electrogram morphology similarity and short AF 
cycle length.12,13 
Repetitive conduction is also to be expected in the vicinity of such local drivers. A local source may not 
always conduct 1:1 to its vicinity but this region is nonetheless expected to exhibit repetitive conduction 
patterns driven by the source. The presence of repetitive patterns in a region of the atria may furthermore 
reveal a structure-function relationship at that site, impacted by atrial anatomy8,14 or by structural 
remodeling associated with AF15,16. A repetitive pattern may also be the precursor to (spontaneous) 
termination of AF17, or give an indication of the overall state of atrial conduction, i.e. the dynamics of 
linking of conduction between consecutive activations in different atrial regions18. Therefore, techniques 
to reliably identify repetitive conduction patterns can be very instrumental, particularly in the light of 
recent advances towards electro-anatomical mapping tools with increased spatiotemporal resolution.
In this paper we introduce a method to analyze the incidence and characteristics of repetitive conduction 
patterns in contact mapping of AF using a recurrence plot, a well-established technique to study the 
dynamics of complex nonlinear systems19. We demonstrate the ability of this novel computational tool 
to detect and quantify repetitive conduction patterns in high-density epicardial mapping in a goat model 
of AF.
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3.2 Materials and Methods
3.2.1 High-density contact mapping in a goat model of AF
In this study we made use of a retrospective dataset, comprised of baseline measurements from a 
drug provocation study in two groups of 8 goats, in which AF was induced by left atrial burst pacing 
and maintained for either 3 weeks (3wkAF) or 22 weeks (22wkAF). High-density contact mapping was 
performed during an open-chest experiment, using a 249-electrode circular mapping array (2.4mm inter-
electrode distance, sampling frequency 1039Hz). One-minute recordings of unipolar atrial electrograms 
were made simultaneously on the right atrial (RA) and left atrial (LA) epicardial wall. Further experimental 
details can be found in 14. The study protocol was approved by the local ethics committee and complied 
with the Dutch and European directives.
3.2.2 Recurrence plot construction to visualize repetitive pattern incidence
Recurrence plots provide a general way to visualize and analyze the temporal behavior of complex 
nonlinear dynamical systems.19 It requires the definition of a phase-space trajectory of the dynamical 
system and a distance function that measures the similarity or distance between any pair of time points 
on the trajectory. A recurrence then occurs when the distance between two points in time is below a 
certain threshold. The recurrence rate RR is defined as the fraction of detected recurrences over all 
comparisons.
We adapted this general definition of recurrence plots to the analysis of atrial electrograms and 
conduction patterns. The approach is illustrated in Figure 1 on a recording of beats that were regularly 
paced from four cardinal directions. First, unipolar atrial electrograms were transformed to activation-
phase signals by local activation time annotation, employing a previously published algorithm that 
assigns local atrial deflections to maximize the likelihood of atrial deflection intervals given an estimated 
AF cycle length distribution.20 Activation-phase signals (in the range [-π, π]) were constructed by linear 
interpolation, taking the local activation time as the moment of phase inversion. The phase-space was 
then defined as the snapshot of the activation-phase of all mapping array electrodes at individual time 
points. This snapshot can be interpreted as still frame of the local conduction pattern at a given time 
point. The distance δi,j between two time points i and j on the phase-space trajectory was determined 
based on the phase angle difference at every electrode, by taking the average of the cosine of each 
difference, transformed back to a fraction of the activation-phase duration of a single AF cycle (2π). This 
distance measure was chosen so that the range of differences between two snapshots ([-2π, 2π]) was 
mapped appropriately: maximum similarity occurred at differences (0, -2π and 2π), while maximum 
dissimilarity occurred at π and -π. This also meant that the distance between two snapshots was always 
symmetric. The resulting distance measure ranged from 0 (two snapshots that were completely in 
phase) to 0.5 (two snapshots that were half an AF cycle length out of phase).
This transformation of electrograms to activation-phase snapshots, also known as the phase-space 
embedding, together with the distance function was subsequently used to create a distance matrix in 
which all activation-phase snapshots within a recording were compared. The distance matrix was 
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Figure 1. Recurrence plot construction. Block diagram and example of recurrence plot reconstruction 
for a recording of a paced rhythm. Unipolar electrograms were annotated, converted to activation-
phase signals and used to create activation phase snapshots. Next, the distances δi,j between all pairs 
of snapshots (i,j) were used to construct a distance matrix. The distance threshold δmax was computed 
based on the maximum recurrence rate per AF cycle RRmax (default RRmax = 1) and applied to the distance 
matrix to construct a recurrence plot. Consecutive recurrences were eroded, removing false positives 
from the recurrence plot. HD: high density; LA: left atrium; PCL: pacing cycle length.
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transformed to a recurrence plot by imposing an adaptive maximum distance threshold δmax. The 
distance threshold δmax can be interpreted as the maximum degree to which two snapshots were 
allowed to be out of phase for a recurrence to occur. This threshold was computed by requiring the 
recurrence plot to have a recurrence rate that corresponded to a maximum recurrence rate per AF cycle 
RRmax. Default value for RRmax was set to 1, equivalent to the recurrence rate per AF cycle that would occur 
if a single conduction pattern were repeating for the whole length of the recording. The resulting δmax 
and recurrence rate of the recurrence plot therefore depended on the AF cycle length, the number of 
time points in the recording, and the distribution of distances in the distance matrix. A formal definition 
of the distance matrix, recurrence plot construction and distance threshold computation is provided 
in the Supplemental methods, subsection Distance matrix and distance threshold computation. 
Note that this choice for the threshold constituted a sensitive detection of recurrences, which on the 
one hand ensured that completely regular patterns were detected correctly, but on the other hand also 
caused false positive recurrence detections (also known as false nearest neighbors in recurrence plot 
analysis) in recordings with a lower degree of regularity.
3.2.3 Recurrence plot analysis to detect repetitive patterns 
Recurrence plots were analyzed to detect the incidence and duration of repetitive patterns. There are 
a few general features of a recurrence plot that are worth mentioning here. A recurrence plot is always 
symmetric as it compares all pairs of snapshot within a recording in both directions of time, past and 
future. The main diagonal represents the comparison of a snapshot with itself and hence is always 
recurrent. A repeating conduction pattern will form a sequence of consecutive recurrences, i.e. if two 
activation-phase snapshots are similar, these two snapshots will also be similar when shifted equal 
(small) amounts in time. This phenomenon is visible in a recurrence plot as a diagonal line.19 A conduction 
pattern that repeats consistently for several consecutive AF cycles will show up in the recurrence plot as 
a square block of diagonal lines around the main diagonal. Due to the sensitive detection of recurrences, 
diagonal lines may exhibit some “thickness” when the distance between consecutive activation-phase 
snapshots still falls within the imposed threshold, which leads to aforementioned false positive 
recurrences. In our analysis this effect was removed by eroding the recurrence plot, effectively replacing 
consecutive horizontal or vertical snapshot recurrences by a single recurrence at the time point with 
minimum distance.
The resulting eroded recurrence plot was then used to detect intervals that contained repetitive 
patterns, as illustrated in Figure 2. These intervals were detected by an algorithm that traversed the 
main diagonal of a recurrence plot and computed the recurrence rate per AF cycle in square blocks of 
increasing duration around the diagonal at each time point. Recurrence rate was again normalized to 
the AF cycle length, so that a value of 1 indicated a single recurrence occurring each AF cycle on average. 
For each time point we stored the duration of the interval that was formed by the square block in the 
recurrence plot with the maximum recurrence rate. Intervals that contained repetitive patterns were 
defined as local maxima in the interval duration, with a minimum recurrence rate per AF cycle RRmin. 
The default value of RRmin was set to 0.9, corresponding to an average of 0.9 recurrences per AF cycle, 
to account for short-lasting pattern interruptions and small deviations in AF cycle length. In case of 
two identified intervals with more than 50% overlap in time, the interval with the longest duration was 
selected.
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Figure 2. Repetitive pattern detection. Intervals containing repetitive patterns were detected by 
traversing the main diagonal of the recurrence plot and computing the duration of the square block 
surrounding the diagonal with the maximum recurrence rate at each time point. Intervals with peak 
duration and a recurrence rate above a minimum recurrence rate per AF cycle RRmin (0.9) were selected. 
In the four detected intervals the average activation time map was constructed, representing the original 
four pacing directions. For each pattern a heat map was constructed that indicated the average recurrent 
activation-phase distance δk
p for a pattern (p) for each electrode (k) separately.  From this heat map the 
pattern size was computed by determining the area of the electrodes with δk
p<δmax. In this example of 
a paced rhythm the repetitive patterns were very consistent: almost all electrodes contributed to the 
repetitive pattern with an average activation-phase distance below the distance threshold. HD: high 
density; LA: left atrium; PCL: pacing cycle length.
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3.2.4 Clustering of similar repetitive patterns
To investigate which identified intervals on the main diagonal of the recurrence plot containing repetitive 
patterns represented similar or distinct activation patterns, patterns were grouped based on the cross-
recurrence rate between intervals. Cross-recurrence rate between two intervals was determined by 
computing the recurrence rate in the rectangular block in the recurrence plot formed by the respective 
intervals. The resulting interval similarity matrix, describing the cross-recurrence rate between all pairs 
of intervals containing repetitive patterns, was clustered using agglomerative hierarchical clustering, a 
commonly used clustering technique that builds a tree of linked pairs of most similar intervals using a 
bottom-up approach. Groups of similar patterns were extracted from the hierarchical cluster tree using 
the same recurrence rate threshold RRmin applied in the detection of repetitive patterns. 
3.2.5 Repetitive pattern visualization
Repetitive (clustered) patterns were visualized by computing the average of activation-phase snapshots 
corresponding to recurrences on a vertical line within the corresponding intervals in the recurrence 
plot. The average activation-phase snapshot was converted to an average activation time map using the 
estimated AF cycle length, setting the earliest activation time to zero. To identify spatial regions within 
the mapping array that contributed most to the recurrent behavior of the average pattern, a heat map 
was constructed that indicated the average recurrent activation-phase distance δk
p for a pattern (p) for 
each electrode (k) separately (see Supplemental methods, subsection Average pattern activation-
phase distance). The size of the most recurrent region was defined as the area covered by electrodes 
with an average activation-phase distance below the computed adaptive distance threshold δmax, or a 
fixed time difference threshold Δt, after converting the average activation-phase distance per electrode 
to a time difference by multiplying δk
p by the AF cycle length.
3.2.6 Statistics
Based on the recurrence plot analysis we determined for each individual recording the adaptive distance 
threshold δmax, the number and duration of intervals containing repetitive patterns and clusters of similar 
patterns, and the size of most recurrent region. Sensitivity analysis was performed to assess the effect 
of the thresholds RRmax and RRmin on the detection of repetitive patterns (see Supplemental Methods, 
section Sensitivity analysis). Differences between 3wkAF and 22wkAF and LA and RA were tested using 
mixed ANOVA, employing a significance threshold of 0.05. Correlations between parameters were 
computed using Spearman’s rank correlation coefficient, controlling for AF group and atrium. Algorithms 
for recurrence plot construction and repetitive pattern detection were implemented in MATLAB21. 
Statistical tests were performed using R22 and the package emmeans23.
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3.3 Results
3.3.1 Application to high-density recordings of AF
The procedure of electrogram activation-phase and snapshot distance matrix computation, recurrence 
plot construction and repetitive pattern detection was applied to recordings during AF in the goat 
model. The result of this automated analysis scheme in simultaneous left and right atrial recordings 
in a single animal is illustrated in Figure 3. Intervals containing repetitive patterns are indicated as red 
square blocks around the diagonal. For both atria, the detected intervals were clustered into groups of 
similar patterns, of which the three clusters with the longest combined duration (in AF cycles) are shown. 
For each clustered pattern the average activation time map was determined together with the heat map 
of the average activation-phase distance per electrode. In this case the right atrium showed a repetitive 
pattern for many cycles (227), a wave entering from the northeast of the mapping area, alternated with 
a different pattern (71 cycles), again a wave entering the field of view, but now from the southeast. The 
third pattern resembled the first, but the distance heat map indicated a more variable pattern at the 
entrance point of the wave. In contrast, at the same time in the left atrium, the three most prevalent 
patterns were short lasting, with 32, 28 and 27 cycles respectively. Here the first pattern represented 
two peripheral waves that collided in the center of the mapping area, and the second and third repetitive 
focal/breakthrough waves at distinct locations. The heat maps of the patterns in the left atrium indicated 
a more variable or unstable pattern compared to the right.
3.3.2 Sensitivity analysis of RRmax and RRmin
First, we varied RRmax between 0.25 and 2, around the default value of 1, and quantified the effect on 
the recurrence plot construction: the distance threshold δmax and the recurrence rate of the eroded 
recurrence plot. We also evaluated the effect of RRmax on the detection of repetitive patterns (keeping 
RRmin fixed at the default value 0.9): number of intervals, maximum duration of an interval, maximum 
pattern duration and pattern size (using the adaptive distance threshold δmax that is determined by the 
choice of RRmax). We repeated this analysis for a range of fixed δmax. Results show that most parameters 
are moderately affected by changes in RRmax. Recurrence plot parameters show an approximately linear 
response (Supplemental Figure 1, Panels A and B), while the parameters related to the detection 
of repetitive patterns show either a linear (maximum interval and pattern duration), a weak biphasic 
(number of intervals), or almost no response (pattern size) (Supplemental Figure 2). In contrast, using a 
range of fixed δmax [0.1, 0.25] that corresponded to the range of observed values for the δmax computed 
from RRmax, we observed a much stronger, non-linear response in the eroded recurrence plot recurrence 
rate (Supplemental Figure 1, Panel C) and the pattern detection parameters (Supplemental Figure 
3). Supplemental Figure 4 provides an example of recurrence plot construction and repetitive pattern 
detection for varying values of RRmax. Second, we varied RRmin between 0.5 and 1.5, while keeping RRmax 
fixed at RRmax = 1. Results show that choices for RRmin close to the default value 0.9 do not change the 
qualitative interpretation of the results of the pattern identification, most notably for the maximum 
duration of patterns and the pattern size (Supplemental Figure 5).
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Figure 3. Example of repetitive pattern detection in simultaneous left (LA) and right (RA) atrial 
recordings. For both locations the recurrence plot and interval detection (red blocks) are depicted. 
Those intervals are shown that belong to the three clustered patterns with longest duration (in cycles). 
Cross-recurrence between intervals belonging to the same cluster is indicated in blue in the recurrence 
plot. The average activation pattern for each pattern is illustrated, together with the heat map of the 
average activation-phase distance per electrode.
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3.3.3 Repetitive patterns in a goat model of different AF duration
Using RRmax = 1 and RRmin = 0.9, repetitive pattern detection was performed in all recordings at baseline 
in the two groups of 3wkAF and 22wkAF goats to investigate the incidence of repetitive patterns and to 
detect any potential differences in recurrence characteristics associated with AF duration and atrium. 
Our main results are summarized in Figure 4. The computed distance threshold δmax was strongly 
correlated with the AF cycle length (correlation -0.62, p<0.01, Figure 4, Panel A). The maximum duration 
(in number of AF cycles) of clustered patterns was longer in 3wkAF than in 22wkAF (mean maximum 
duration 74 cycles (95% confidence interval [54-94] vs. 41 [21-62] cycles, p=0.03). In Figure 4, Panel B 
we illustrated the diversity in the number of intervals that contained repetitive patterns, as well as the 
total duration of these intervals during a recording. We observed a wide variety of interval incidence and 
prevalence, from recordings that showed a low number of intervals that covered only a small portion of 
the recording duration, to recordings with a small to large amount of intervals that covered almost the 
entire recording. The number of patterns, where multiple intervals could be grouped into one clusters 
representing a single pattern, compared to the total coverage of the recording showed similar diversity. 
Here we only included clusters of patterns where the total duration of the combined intervals exceeded 
10 AF cycles. The average size of the most recurrent region per recording (Figure 4, Panel C) was slightly 
smaller in the right atrium (mean size LA 10.9cm2 [10.0-11.4] vs. RA 9.5cm2 [8.8-10.3], p=0.03), when 
computed based on the number of electrodes with an average activation-phase distance below the 
adaptive distance threshold δmax. Pattern region size was much smaller when applying a fixed maximum 
activation time difference threshold Δt of 10ms between recurrences in detected patterns. Here, 
differences were found between 3wkAF and 22wkAF (3wkAF 1.7cm2 [1.0-2.3] vs. 22wkAF 0.5cm2 [0.0-
1.2], p=0.02). Sensitivity analysis of Δt indicated that this difference in regions with low average temporal 
dissociation was consistent for values of Δt between 10-30ms (Supplemental Figure 5, Panel B).
3.3.4 Examples of mechanisms detected by recurrence analysis
In Figure 5 we show two examples to illustrate how this method can detect and visualize candidate AF 
source patterns. These were selected recordings from the same study in goats, but during infusion of 
different dosages of the antiarrhythmic drug used. The first example shows a recording that started 
with a peripheral wave entering from the east (pattern 2), but then switched to a local reentry within 
the mapping area (pattern 1). Pattern 2 returned after a while, but was intermitted by other, less stable 
and frequent patterns. Then pattern 3 arose, again a local reentry within the mapping area, comparable 
to pattern 1, but following a slightly different trajectory. Finally pattern 1 reappeared, followed by 
pattern 3. The dominant conduction direction per electrode for each of the patterns confirmed their 
interpretation. The second example shows an extreme case of a repetitive focal/breakthrough wave, 
where the most spatiotemporal stable pattern (pattern 1) appeared intermittently for a total of 191 
cycles. In this example the other intermittent patterns (patterns 2 and 3) were very similar to pattern 1, 
and only differed slightly in the variation of the radial spread of activation, as indicated by the activation-
phase distance heat maps. The dominant conduction direction per electrode for each of the patterns 
highlights this radial spread originating from the site of the focus/breakthrough activation.
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Figure 4. Recurrence detection results in 3wkAF and 22wkAF goats. Panel A: correlation between 
AF cycle length (AFCL) and the adaptive distance threshold δmax, and maximum pattern duration per 
recording in AF cycles. Panel B: variety of number of detected intervals containing a repetitive interval 
and clustered patterns compared to the total recording coverage. Only clustered patterns with a 
combined duration exceeding 10 AF cycles were included. Panel C: Average size of the most recurrent 
pattern region within each recording, computed using the adaptive distance threshold δmax (left) and 
a fixed maximum time difference Δt (10ms) applied to the average activation time difference between 
pattern recurrences (right).
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3.4 Discussion
We developed a method to automatically identify repetitive patterns of conduction in high-density 
mapping of AF. This method can be used to detect the incidence of time intervals containing repetitive 
patterns, to group intermittent intervals that exhibit similar repetitive patterns, and to visualize these 
distinct patterns to interpret the mechanism the conduction pattern represents. As an application, 
repetitive conduction patterns were identified in HD mapping recordings in a goat model of sustained 
AF, where we identified repetitive patterns in almost all recordings. We also show that the maximum 
duration of repetitive patterns and the size of the regions containing the most dominant repetitive 
pattern decreased with prolonged AF duration.
3.4.1 Recurrence analysis as a tool to identify repetitive patterns during AF
Recurrence analysis has been applied to investigate AF characteristics in invasive measurements, based 
on single electrode bipolar electrogram morphology. Recurrence plots were used to assess the degree 
of organization present during AF.24 Recurrence quantification analysis was applied to detect complex 
fractionated atrial electrograms25, to quantify the dynamics of beat-to-beat deflection morphology 
similarity at several locations in the left and right atrium26, and to distinguish spiral wave reentry 
from multiple wavelets in bipolar electrograms27. Recurrence plots derived from consecutive AF cycle 
lengths from an electrogram recorded in the coronary sinus suggested that the underlying AF process 
is deterministic, rather than stochastic.28 Also alternative methods for the detection of local bipolar 
electrogram regularity were proposed, again using electrogram morphology, but also by integrating 
electrogram coupling to quantify local organization29, or by quantifying the repetitiveness of the pattern 
of complex fractionated atrial electrograms using frequency domain parameters30. The use of a single 
electrode and bipolar electrograms however limits the amount of spatiotemporal information that can 
be incorporated in the assessment of the dynamics of the underlying recurrent conduction pattern. In 
our approach we aimed to not only include temporal dynamics, but also detailed local spatial coherence, 
by analyzing electrograms from a high-resolution grid of electrodes. Our approach further relies on 
unipolar electrograms that are insensitive to the direction of conduction. We adopted an activation-
phase representation of the electrograms to enable the computation of the distance, or difference, 
between two snapshots of conduction in time. Other approaches may also be chosen to arrive at this 
phase-space representation of the conduction patterns, for instance methods that rely on the Hilbert 
transform of the filtered electrogram.31 Caution should be applied however when interpreting the 
resulting averaged activation-phase patterns, as these approaches tend to blur the true underlying 
activation patterns, which can lead to the elimination of conduction block.32
3.4.2 Interpretation and implications of the adaptive recurrence threshold
In our approach we adopted an adaptive distance threshold to transform the distance matrix that 
describes the difference in activation-phase between each pair of snapshots, to a recurrence plot, that 
only contains the moments in time when two conduction patterns are sufficiently in phase. The choice 
for a recurrence plot threshold has to be made carefully: applying a too restrictive threshold will not 
identify existing recurrences and can lead to the detection of many short, interrupted intervals; a too 
tolerant threshold will lead to many false positive recurrences, that obscure the underlying structure 
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Figure 5. Examples of AF mechanisms detected using recurrence analysis. Two conduction patterns 
associated with candidate AF mechanisms are depicted: an intermittent, unstable local reentry within 
the mapping area (left) and a repetitive focal/breakthrough wave (right). Intervals containing recurrent 
patterns are indicated in red blocks, while cross-recurrences between clustered intervals are indicated 
in blue. The average activation pattern for each pattern is illustrated, together with the heat map of 
the average activation-phase distance per electrode and the average conduction direction during the 
pattern duration.
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of the recurrence plot.19 There are several approaches to choosing a recurrence threshold.33 We used 
the a priori knowledge of the AF cycle length to choose a threshold that led to a number of recurrences 
that was to be expected if the underlying pattern was completely regular and repetitive for the whole 
duration of the recording. In the case of AF this threshold was often too tolerant, which led to sensitive, 
but not specific detection of recurrent snapshots. The post processing of the resulting recurrence plot, 
together with the constraints imposed on the detection of repetitive patterns, ensured that these false 
positives detections were disregarded. Sensitivity analysis indicated that this approach to compute an 
adaptive distance threshold is a relatively robust choice compared to setting a fixed distance threshold: 
a small change in RRmax led to relatively small and predictable change in δmax and associated pattern 
detection results, whereas changes in a fixed δmax, that was applied to all recordings, led to much more 
pronounced and unpredictable changes in pattern detection results.
A higher recurrence threshold that still leads to the detection of intervals that contain repetitive intervals 
can indicate two things: either repetitive patterns are more variable, but still stand out from other 
intervals with even more disorganized activity, and/or the spatial region within the mapping area where 
the repetitive pattern is localized is smaller. The application of our method on the goat model data 
revealed that the threshold is strongly associated with the AF cycle length. This correlation indicated less 
stable or smaller repetitive patterns in recordings with shorted AF cycle lengths, which corroborates the 
findings of Schuessler et al., where in a cholinergic model of AF the shortening of the effective refractory 
period (and cycle length) resulted in an increased number of wave fronts and local reentry circuits34.
3.4.3 Repetitive patterns in AF
Applying the developed methodology to recordings in a goat model of AF, we found that there was a 
large diversity both in the number of repetitive patterns as well as in the total duration of the recording 
covered by repetitive patterns. Stability of patterns however seemed to decrease with AF duration, with a 
lower maximum pattern duration in 22wkAF. The size of the region within the mapping area responsible 
for the recurrent behavior did also decrease with AF duration (using a fixed threshold of 10ms for the 
maximum allowed activation time difference between recurrences). This suggests that, while repetitive 
patterns are still present, the size of the repetitive process becomes smaller with prolonged AF duration. 
This is largely in line with findings in a comparable goat model of AF.16 Interestingly we observed switching 
between different repetitive patterns in several of the examples (Figures 3 and 5). This suggests the 
existence of different states of the atrial conduction during AF, and sudden transitions between these 
states, as also observed in simulations of AF.35,36
In this study we analyzed mapping data from the epicardium of both atria. Since conduction during 
AF is a 3D process, signals measured simultaneously on the endocardial wall may show some degree 
of uncoupling.37–39 Independent epi-endocardial repetitive patterns might point to separate drivers in 
the two layers. It would be of great interest to further investigated whether epi-endocardial coupling 
occurs during episodes of repetitive activity. Furthermore, electrode array resolution has been shown 
to significantly impact AF driver identification.40 Computation modeling of AF can help to investigate the 
effect of 3D conduction, dissociation and mapping device on pattern detection, providing that the model 
incorporates the 3D nature of the atrial anatomy and bundle structure, and exhibits epi-endocardial 
dissociation to an extent that 3D conduction patterns can be simulated (see for instance 41).
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3.4.4 Recurrence analysis to identify and target AF sources
The detection of AF sources during an AF ablation is a possible extension of the current approach. The 
examples in Figure 5 show that our approach – in principle - can detect and visualize local candidate 
mechanism that may drive or initiate AF (e.g. a local reentry or a repetitive focal/breakthrough wave). In 
patients, ablation of such driver sites may restore sinus rhythm or prevent AF recurrence. As a future 
perspective, during an ablation procedure, several regions of the atria could be mapped sequentially and 
repetitive patterns can then be reconstructed for each region. With the use of a common reference, or 
spatial overlap between asynchronous recordings at different sites, repetitive patterns can be “stitched” 
together to form a more complete picture of whole atrial repetitive conduction. A similar approach was 
recently demonstrated in the RADAR trial, where a catheter placed in the coronary sinus (CS) served as 
the common reference.42 A potential limitation of that specific setup is that intervals containing repetitive 
patterns were detected using only the electrograms from the CS catheter. In contrast, identification 
of repetitive patterns at partially overlapping sites also enables the detection of candidate AF drivers 
that do not lead to repetitive electrogram morphology in the CS. Multi-site identification of repetitive 
patterns will however require recordings with longer duration than currently acquired during an ablation 
procedure, together with a sufficient incidence and duration of repetitive patterns. 
3.4.5 Limitations
The result of the recurrence plot construction and repetitive pattern detection were dependent on the 
chosen phase-space embedding (local activation-phase computation) and recurrence rate thresholds 
RRmax and RRmin. Optimal embedding and threshold values were not investigated in this study. Sensitivity 
analysis of RRmax and RRmin indicated that results obtained in the goat model of AF were moderately 
insensitive with respect to the exact choice for these thresholds. Recordings evaluated in this study 
were from a goat model of AF, where although AF was persistent, the amount of structural remodeling 
was most likely limited and the differences between groups subtle. A similar study in patients in different 
stages of AF (paroxysmal and persistent) is needed to investigate the relationship between AF duration 
and associated structural remodeling and repetitive pattern incidence and size.
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3.6 Supplemental methods
3.6.1 Distance matrix and distance threshold computation
The distance δi,j between two activation-phase snapshots at time points i and j was determined based 
on the phase angle difference at each of the N electrodes, by taking the average of the cosine of each 
difference, transformed back to a fraction of the activation-phase duration of a single AF cycle (2π). 
Formally:
 
where φk,i denotes the activation-phase of the electrode k at time i, and N the number of electrodes. 
This definition leads to distance values in the range [0, 0.5]. The distance matrix was then formed by 
computing δi,j for all combinations of i and j, where i,j = 1,2,…,T, with T being the total number of time 
points.
Recurrence Ri,j between two snapshots was computed by imposing a distance threshold δ on the distance 
matrix:
The recurrence rate of a recurrence plot is defined as:
We adapted this definition to the recurrence rate per AF cycle, computed as the relative number of 
recurrences per AF cycle over all possible time point comparisons:
where TAFC denotes the number of time points per AF cycle.
The distance threshold δmax applied to construct the recurrence plot for each recording was computed 
by selecting the largest value for the threshold δ that led to a given maximum recurrence rate per AF 
cycle RRmax:
Since
this is equivalent to computing the percentile of all T2 distances in the distance matrix that corresponds 





0 if δi,j > δ
0 if δi,j ≤ δ{












δmax = sup{δ ∈ [0, 0.5] | RR ≤ RRmax}
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to the expected recurrence rate RRmax, adjusted for the number of time points per AF cycle TAFC:
 
3.6.2 Average pattern activation-phase distance
The average activation-phase distance for each electrode during a repetitive pattern was computed as 
the average distance at recurrences Ri,j occurring during a repetitive pattern. Formally, given a pattern 
p and a corresponding set of time points Tp during which the pattern is detected, the average distance 
for an electrode k is given by:
 
3.6.3 Sensitivity analysis
In this study, results were dependent on two main thresholds: 1) the maximum allowed distance 
between two activation-phase snapshots (δmax) to construct a recurrence plot from a distance matrix, 
and 2) the minimal recurrence rate per AF cycle (RRmin) of an interval within the recurrence plot for 
which an interval was assumed to contain a repetitive pattern. The threshold δmax, the recurrence plot 
threshold, was determined in a data-driven way for each recording separately, by computing the value of 
δmax for which recurrence rate of the recurrence plot corresponded to the maximum recurrence rate per 
AF cycle (RRmax). Default values for RRmax and RRmin were 1 and 0.9 respectively. To assess the sensitivity of 
the results to the value of these thresholds, we performed recurrence plot construction and repetitive 
pattern detection for a range of RRmax and RRmin around the default values. To motivate the choice for 
a data-driven recurrence plot threshold δmax, as opposed to an equal, fixed δmax for all recordings, we 
also performed sensitivity analyses for a range of fixed δmax values. To investigate the use of a fixed time 
threshold Δt when computing average pattern size, we performed sensitivity analysis on the maximum 
allowed average time difference per electrode during recurrences within a repetitive activation pattern. 
In this analysis, the average activation-phase distance for each electrode during a repetitive pattern δk
p 
was converted to time in milliseconds, by multiplying by the estimated AF cycle length of each recording.
δmax = P100xRRmax/TAFC {δi,j| i,j, = 1, ..., T}
2π
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3.7 Supplemental figures 
 
Supplemental Figure 1. Panel A: Effect of the maximum recurrence rate (RRmax) on the average of the 
maximum allowed distance between two activation-phase snapshots (δmax) and change compared to 
δmax at the default value RRmax = 1. Panel B: Effect of RRmax on the recurrence rate (RR) per AF cycle of the 
eroded recurrence plot and change compared to RR at the default value RRmax = 1. Panel C: Effect of a 
fixed δmax on the RR of the eroded recurrence plot and difference compared to RR when computed using 
δmax at the default value RRmax = 1.
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Supplemental Figure 2. Effect of the maximum recurrence rate per AF cycle (RRmax) on the detection of 
repetitive patterns. The minimal recurrence rate per AF cycle (RRmin) was held constant in this analysis 
at RRmin = 0.9.
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Supplemental Figure 3. Effect of a fixed distance threshold δmax for all recordings to construct a 
recurrence plot on the detection of repetitive patterns. The minimal recurrence rate per AF cycle (RRmin) 
was held constant in this analysis at RRmin = 0.9.
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Supplemental Figure 4. Example of the effect of various values for the maximum recurrence rate 
(RRmax) on the recurrence plot construction and interval and pattern detection in a single recording. 
Upper panel: recurrence plots, interval detection (red blocks) and cross-recurrence between intervals 
belonging to the same cluster (blue blocks), for RRmax = 0.50, 1, 1.5 and 2. Lower panel: left: RRmax-driven 
change in δmax and recurrence rate (RR) of the eroded recurrence plot (RP); middle: the number of 
intervals containing repetitive patterns and maximum interval duration; right: the number of clustered 
patterns and pattern size (area formed by electrodes with an average activation-phase distance during 
pattern recurrences below δmax). The minimal recurrence rate per AF cycle (RRmin) was held constant in 
this analysis at RRmin = 0.9.
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Supplemental Figure 5. Panel A: Effect of the minimum recurrence rate per AF cycle of an interval 
containing a repetitive pattern (RRmin) on the detection of repetitive patterns. The maximal recurrence 
rate per AF cycle (RRmax) was held constant in this analysis at RRmax= 1. Panel B: Effect of a fixed threshold 
Δt in milliseconds to compute the size of repetitive patterns. Here the average activation-phase distance 
for each electrode during a repetitive pattern δk
p was converted to time in milliseconds, by multiplying δk
p 
by the estimated AF cycle length of each recording. Repetitive patterns were computed using RRmax= 1 
and RRmin= 0.9.
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Abstract
Aims 
Repetitive conduction patterns in atrial fibrillation (AF) may reflect anatomical structures harboring 
preferential conduction paths and indicate the presence of stationary sources for AF. Recently, we 
demonstrated a novel technique to detect repetitive patterns in high-density contact mapping of AF. 
As a first step towards repetitive pattern mapping to guide AF ablation, we determined the incidence, 
prevalence and trajectories of repetitive conduction patterns in epicardial contact mapping of 
paroxysmal and persistent AF patients. 
Methods
A 256-channel mapping array was used to record epicardial left and right atrial fibrillation 
electrograms in persistent (persAF, n=9) and paroxysmal AF (pAF, n=11) patients. Intervals containing 
repetitive conduction patterns were detected using recurrence plots. Activation movies, preferential 
conduction direction and average activation sequence were used to characterize and classify 
conduction patterns.
Results
Repetitive patterns were identified in 33/40 recordings. Repetitive patterns were more prevalent 
in pAF compared to persAF (pAF: median 59%, interquartile range [41-72] vs. persAF: 39% [0–51], 
p<0.01), larger (pAF: = 1.54 [1.15-1.96]cm2 vs. persAF: 1.16 [0.74-1.56]cm2, p<0.001) and more 
stable (normalized preferentiality (0-1) pAF: 0.38 [0.25–0.50] vs. persAF: 0.23 [0–0.33], p<0.01). 
Most repetitive patterns were peripheral waves (87%), often with conduction block (69%), while 
breakthroughs (9%) and re-entries (2%) occurred less frequently.  
Conclusion
High-density epicardial contact mapping in AF patients reveals frequent repetitive conduction 
patterns. In persistent AF patients, repetitive patterns were less frequent, smaller and more variable 
than in paroxysmal AF patients. Future research should elucidate whether these patterns can help 
in finding AF ablation targets. 
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4.1 Introduction
Pulmonary vein isolation (PVI) is a common treatment for atrial fibrillation (AF).1,2 In patients with 
paroxysmal AF, PVI leads to freedom of AF in 59%-89% of patients 12 months after the procedure.3 In 
patients with persistent AF only 59% show freedom of AF after 18 months. AF recurrence after PVI can 
be caused by reconnection of pulmonary veins (PVs), but recurrence of AF is also possible while all PVs 
are still isolated, implying the existence of AF sources outside of the PVs.4 To improve the success rate 
of PVI, the identification of alternative ablation targets outside of the PVs has been explored. Ablation 
of dominant frequency sites, linear lesion sets, complex fractionated atrial electrograms (CFAE) as well 
as focal impulse and rotor modulation ablation showed significant improvement in single studies, but 
in larger trials or meta-analyses their superiority as compared to PVI-only could not consistently be 
demonstrated.3,5–8 
Repetitive focal sources9 and micro-reentrant sources10,11 have been described as candidate sources of 
AF. Repetitive conduction patterns are expected to occur close to AF drivers, independent of their actual 
mechanism (local reentry, ectopic firing, complex conduction with new wave generation). Detection of 
repetitive conduction patterns may help to localize sources of AF, and thus provide a new strategy for 
AF driver identification. Repetitive conduction patterns are also of interest because they might reflect 
anatomical structures harboring preferential conduction paths associated with the underlying bundle 
structure of the atrium.10,12,13 Therefore, a mapping technique able to find repetitive patterns may 
help  study structure-function relationships during fibrillatory conduction. Finally, the analysis of stable 
repetitive patterns may also facilitate combining recordings at different sites in the atria to reconstruct a 
composite activation map during AF, so far only feasible during stable activation patterns like atrial flutter 
or atrial tachycardia. These composite AF activation maps could help to increase the spatial coverage of 
existing mapping modalities.14 
A technique to detect repetitive patterns in high-density mapping of AF has recently been demonstrated 
by our group.15 In the present study, we applied this methodology to investigate the incidence, 
prevalence and trajectories of repetitive conduction patterns in epicardial mapping data of paroxysmal 
and persistent AF patients.
4.2 Methods
4.2.1 Patient selection
This study uses a retrospective dataset of 20 patients (persistent AF (persAF), n=9, paroxysmal AF (pAF), 
n=11) that underwent bi-atrial epicardial mapping.16 Patients included in this study were referred for 
open-chest surgery: either cut-and-sew rhythm surgery, coronary bypass grafting, aortic valve surgery 
or mitral valve surgery. The study protocol was approved by the local ethics committee and informed 
consent was obtained from each patient before the procedure. 





Age (year) 68.7 ± 4.2 69.1 ± 5.8
Male (%) 75.0 55.6
Clinical characteristics:
Nicotine abuse (%) 27.3 44.4
Hypertension (%) 63.6 77.8
Diabetes (%) 9.1 44.4
Peripheral arterial disease (%) 18.2 22.2
Previous MI % 18.2 11.1
Hypercholesterolemia (%) 36.4 44.4
GFR < 60mL/min (%) 18.2 22.22
BMI (kg/m2) 26.6 ± 4.4 26.9 ± 3.1
NYHA class 2 [1.25-2.75] 2 [2-3]
CHA2DS2-VASc 3 [2-3] 3 [3-6] *
Time since AF diagnosis (year) 7.0 ± 6.9 9.6 ± 6.6





Lone AF 1 1
Echocardiography:
LA diameter (mm) 43.5 ± 8.1 53.1 ± 6.1*
LA volume (cm3) 79.1 ± 27.5 151.0 ± 55.3*
LAA flow velocity (cm/s) 61.1 ± 25.9 37.6 ± 13.3*
RA volume (cm3) 53.6 ± 26.1 102.8 ± 32.3*
LVEDD (mm) 52.0 ± 4.4 52.1 ± 5.1
LVESD (mm) 32.8 ± 6.0 34.9 ± 6.8
LVEF (%) 64.3 ± 9.1 61.4 ± 6.4
Drug use:
Beta-blocker (%) 81.8 77.8
Digoxin (%) 0.0 33.3
Amiodarone/sotalol (%) 63.6 11.1
ACE-inhibitor/ARB (%) 54.5 100*
Calcium channel blocker (%) 27.3 33.3
MI = myocardial infarction; GFR = glomerular filtration rate; BMI = body mass index; NYHA = New York 
Heart Association; CRP = c-reactive protein; CABG = coronary bypass grafting; MVS = mitral valve surgery; 
AVS = aortic valve surgery; LA = left atrial; LAA = left atrial appendage; RA = right atrial; LVEDD = left 
ventricular end diastolic diameter; LVESD = left ventricular end systolic diameter; LVEF = left ventricular 
ejection fraction; ACE = angiotensin converting enzyme; ARB = angiotensin-receptor blockers. *= p<0.05 
vs paroxysmal AF.
Table 1. Patient characteristics
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4.2.2 Epicardial mapping procedure
The heart was approached via median sternotomy. Two electrode grids were sequentially placed on the 
atria, one on the free wall of the right atrium (RA) and one in the oblique sinus on the posterior left atrium 
(LA). Both electrode grids were custom-made, single-use 256-channel grids measuring 22.5mmx22.5mm 
with an interelectrode distance of 1.5mm. A reference electrode was positioned subcutaneously in the 
sternotomy opening. In pAF patients in sinus rhythm at the start of the procedure, AF was induced by 
incremental pacing (300-60ms cycle length). Recording of unipolar electrograms was started 30s after 
AF induction. For each location (RA and LA), 10s of data was stored using a 1,039 kHz sampling rate.
4.2.3 Electrogram processing
The automated processing and annotation of AF electrograms has been described previously17. Briefly, 
all electrograms were high-pass filtered using a third order Chebyshev filter with a cutoff frequency 
of 0.5Hz to remove baseline drift. Ventricular waves visible in the atrial recordings were detected 
and removed using single beat QRST-template cancellation. Local activations, characterized by sharp 
deflections on the electrogram, were detected using unipolar deflection template matching and 
classified as local activations using a probabilistic algorithm based on the estimated distribution of the 
AF cycle length (AFCL).
4.2.4 Recurrence plot construction
The methodology used to detect intervals containing repetitive patterns is described in detail in a recent 
study by Zeemering et al..15 Unipolar electrograms were transformed to an activation phase signal by 
treating the local activation time as the moment of phase inversion and using linear interpolation for the 
time between the phase inversions. This procedure resulted in a signal that represents the phase of the 
activity in a local electrogram, with values between -π and π and allowed for the creation of snapshots 
that represented the phase of all individual electrodes at one point in time (see Figure 1, Panel A). 
Snapshots at two different points in time were compared by computing the phase difference for every 
corresponding electrode between the two snapshots. The distance δi,j  between two activation-phase 
snapshots at time points i and j was determined based on the phase angle difference at each of the N 
electrodes, by taking the average of the cosine of each difference, transformed back to a fraction of the 
activation-phase duration of a single AF cycle (2π). Formally:
where φk,i denotes the activation-phase of the electrode k at time i. This definition led to distance values 
between 0 (two snapshots completely in phase) and 0.5 (two snapshots half an AF cycle length out of 
phase). We used a recurrence plot to visualize whenever a pair of snapshots exhibited an activation-
phase distance below a certain distance threshold. Recurrence plots show ‘time’ on both the x and 
y-axis. Snapshots with a distance smaller than a threshold are recurrences, represented by a dot (see 
Figure 1, panel B&C). As an example, a snapshot at t=1s that recurs at t=5s is shown in the recurrence 
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plot by a dot at position (1,5) as well as a dot at position (5,1), since all recurrence plots are symmetric 
with respect to the diagonal. The threshold for the maximum-allowed activation-phase distance between 
two snapshots was computed based on the maximum expected number of recurrences. The maximum 
expected number of recurrences was estimated as the number of recurrences that would occur if a 
single conduction pattern repeatedly occurred for the full length of the recording, giving rise to on 
Figure 1. The creation of recurrence plots. Panel A shows the signal for one electrode of a mapping 
grid. The signals consist of two repetitive intervals. The first repetitive interval (red trace) is repeated 
later in time (blue trace). The signal is converted to a phase signal (straight lines under signal trace), and 
snapshots consisting of the phase of all electrodes of the grid created. Snapshots are compared, and 
when the phase difference is below the phase difference threshold, the time points of similar phase 
snapshots are marked on a recurrence plot (panel B). Panel C shows the recurrence plot for the trace 
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average one recurrence per AF cycle length for each snapshot. This number therefore depended on 
the AF cycle length and the sampling frequency of the recording, since a higher sampling frequency 
results in more snapshots per time. The choice of the distance threshold enabled a sensitive detection 
of recurrences, which ensured that completely regular patterns with on average one recurrence per 
AF cycle length were detected correctly. In recordings with a lower degree of regularity, this choice of 
recurrence plot threshold caused false positive recurrence detections, which were removed in the next 
stage as explained below. 
4.2.5 Repetitive pattern detection
A recurrence plot was generated for every recording, and used to detect the number and duration 
of repetitive patterns. A conduction pattern that is repetitive for a number of consecutive AF cycles 
has recurrences with a period of one AF cycle length. In the time interval that contains the repetitive 
pattern, every snapshot has recurrences with preceding or following snapshots, again with a period 
of one AF cycle length. This is visible in the recurrence plot as a block of stacked diagonal lines around 
the main diagonal with a distance of one AF cycle length between the diagonal lines. (Figure 1, panel 
C). Diagonal lines may exhibit some “thickness” when the distance between consecutive activation-
phase snapshots still falls within the computed distance threshold, which leads to aforementioned false 
positive recurrences. This effect was removed by erosion: replacing consecutive horizontal or vertical 
recurrences by a single recurrence at the pair of snapshots with minimum distance.
The eroded recurrence plot was used to detect intervals that contained successive repetitive conduction 
patterns. These intervals were detected by an algorithm that traversed the main diagonal of a recurrence 
plot and computed the recurrence rate in square blocks of increasing duration around the diagonal at 
each time point. The recurrence rate is the ‘density’ of a recurrence plot and is computed as the number 
of detected recurrences divided by all comparisons possible. Square blocks centered on the diagonal 
with a minimum recurrence rate of 0.9 (corresponding to an average of 0.9 recurrences per AF cycle) 
were selected as recurrent intervals. 
4.2.6 Characterization of repetitive conduction patterns
We computed the preferential (dominant) conduction direction per individual electrode of each 
repetitive conduction pattern (circular variance of conduction direction, defined as Pref).18 A Pref of 1 
indicates that all conduction vectors point in the same direction, whereas a Pref of 0 implies that all 
conduction vectors are uniformly pointing in all directions. Within repetitive intervals, the degree of 
preferentiality and direction of conduction for the mapping array were visualized in preferentiality plots, 
where arrows indicate the preferential direction, and Pref is indicated by a color. The preferentiality plot 
only shows arrows for electrodes with a Pref>0.5, to highlight preferential conduction directions that 
could be assessed accurately. The size of a repetitive pattern was defined as the number of electrodes 
with Pref>0.5. The preferentiality of conduction direction during a repetitive pattern was defined as the 
sum of Pref over electrodes with a Pref>0.5. 
Detected repetitive patterns may vary in duration and pattern stability. To compare Pref between 
intervals, we defined normalized preferentiality (Prefnorm) as an overall measure of AF pattern stability. 
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Prefnorm incorporates pattern duration, size of the high preferential region, and the sum of Pref in the 
high preferential region into one metric. The duration of the interval is normalized to the total recording 
duration, the size of the high preferential region is normalized to the total size of the mapping array, and 
the sum of Pref in the high preferential region is normalized to the sum of the maximum Pref value for 
every electrode. Prefnorm is the product of the normalized duration, normalized high preferentiality region 
and normalized sum of Pref, and thus has a value between 0 (short/small area/unstable pattern) and 1 
(long/large area/stable pattern; see Supplement). This implies that intervals in which all electrodes in the 
Number of 
















































































































Figure 2. Summary of repetitive interval detection results. There was no significant difference in 
number of detected intervals between pAF and persAF. Interval duration as percentage of total time, size 
of high preferential areas, sum of high preferential values as well as the normalized preferentiality show 
a significant difference between pAF and persAF.
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mapping array are part of the repetitive pattern, and where the pattern continues uninterrupted for the 
total duration of the recording, are assigned a value of one. In contrast, the normalized preferentiality 
is zero either when no interval containing a repetitive pattern can be found in the recording or no 
electrodes with a preferentiality >0.5 are present in the repetitive intervals. 
The preferentiality plot, average activation sequence plot, and an animation of the activation pattern for 
each repetitive pattern was generated and visually inspected by three authors (FvR, SZ and US). Patterns 
were categorized as peripheral wave without block, peripheral wave with block, breakthrough, reentry 
within the mapping area, or undecided if the pattern did not fit any of the other categories.  Definitions 
for conduction patterns are presented in the Supplement.
4.2.7 Statistics
Differences between pAF and persAF patients were analyzed for the number of intervals containing 
repetitive patterns, the duration of these intervals, the size of the region with Pref>0.5, the sum of 
Pref>0.5 and the normalized preferentiality Prefnorm. Normality of variables was tested using the one-
sample Kolmogorov-Smirnov test. To test for significant differences between AF groups, a mixed ANOVA 
was used, employing a significance threshold of 0.05. Multiple comparison tests were performed using 
Tukey’s range test, controlling for AF group and atrium. Descriptive statistics of variables with a normal 
distribution are reported as mean and standard deviation (SD). Descriptive statistics of other variables 
are indicated by median, 25th, and 75th percentile.
4.3 Results
Baseline characteristics of all patients are given in Table 1. In persAF patients, atrial size was larger, left 
atrial appendage flow velocity was lower, and CHA2DS2-VASc score and ACE-inhibitors use were higher.
Measurements of all 20 patients were used, resulting in 20 recordings of the left atrium and 20 recordings 
of the right atrium. Recurrent intervals were found in 33 out of 40 recordings (pAF: 20/22, persAF: 
13/18, p=0.12). Although the incidence of recurrent intervals did not significantly differ between the 
paroxysmal and persistent AF group (pAF: median = 3, interquartile range [2-3] vs persAF: median = 2, [0-
4], p=0.29, Figure 2), the prevalence, defined as total repetitive pattern duration as percentage of total 
recording time, was higher in pAF patients (pAF: median = 59% [41-72] vs persAF: median = 39% [0–51], 
p<0.01). The relation between the number of intervals and the total duration of intervals in a recording is 
visualized in Figure 2, bottom right. The size of repetitive patterns was significantly larger in pAF patients 
(pAF: median = 1.54 [1.15-1.96]cm2 vs persAF: median = 1.16 [0.74-1.56]cm2, p<0.001, Figure 2, top 
right). Preferentiality of conduction direction during a repetitive pattern was higher in paroxysmal than 
in persistent AF (pAF: median sum of preferentiality over all electrodes = 114 [77-146], persAF: median 
sum of preferentiality over all electrodes = 82 [67-114], p<0.01). Overall conduction pattern stability was 
significantly higher in pAF patients (pAF: median = 0.38 [0.25–0.50] vs persAF: median = 0.23 [0–0.33], 
p<0.005, Figure 2, bottom center). 
The Prefnorm varied in the range of 0 to 0.927 (median: 0.303). Seven recordings showed a Prefnorm of 0, the 
lowest non-zero Prefnorm was 0.090.  Figure 3 provides examples for left atrial recordings of a recurrence 































































Figure 3. Examples of recurrence plots and preferentiality plots for high, moderate and low 
normalized preferentiality recurrent intervals. Top row: Eroded recurrence plots, detected recurrent 
intervals shown with squares. Middle row: Preferentiality plots of the recurrent interval indicated by the 
red square in the top row. Bottom row: Average activation time for the interval indicated by the red 
square in the top row. High Prefnorm is associated with a regular recurrence plot showing recurrences for 
the full recording. The preferentiality plot for the first interval shows a conduction pattern lasting 7.4s 
(37.5 AF cycle lengths), where the majority of electrodes are involved. The activation wave enters the 
mapping array from the top right, and leaves at the bottom left. The dark blue color indicates that the 
direction of conduction is very stable for the duration of the repetitive pattern. The recurrence plot for 
moderate Prefnorm also shows recurrences, but not the entire  recording. Two intervals are detected, with 
a combined duration of 4.28s (24 AF cycle lengths). The preferentiality plot for the first interval shows the 
activation wave enters from the right and travels to the left, but that the pattern is unstable in the top- 
and bottom left corner of the mapping array. The lighter blue colors show that the direction of activation 
is less stable towards the left side of the mapping array, and the transparent colors indicate that for a 
part of the mapping array the activation direction is too irregular to quantify. The low Prefnorm recurrence 
plot shows irregular recurrences, and only one recurrent interval of 1.66s (10 AF cycle lengths) could be 
detected. The preferentiality plot for this interval shows that the direction of activation is too irregular to 
quantify in the majority of the mapping array, but that small regions exhibit regular behavior.
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plot, preferentiality plot, and average activation sequence for a high (0.927), moderate (0.315) and low 
(0.104) non-zero normalized preferentiality. 
Repetitive patterns were categorized based on their prevailing conduction trajectories. Classification 
results are shown in Figure 4. In right and left atria together, most repetitive patterns were peripheral 
waves (87%), often with conduction block (69%), while breakthroughs (9%) and reentries (2%) occurred 
less frequently. Both paroxysmal and persistent AF showed more blocked waves than unblocked waves 





























































Figure 4. Classification of recurrent intervals in conduction patterns. Top half of the figure shows 
the occurrence of conduction patterns for paroxysmal and persistent AF. Note that conduction patterns 
are not mutually exclusive. Bottom half of the figure presents examples of conduction pattern categories. 
Row three shows the preferentiality map, bottom row shows the average activation time corresponding 
with the preferentiality map.
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(pAF: 54%, persAF: 92%).  Nine intervals showed a repeating pattern of breakthroughs and peripheral 
waves (pAF: 11%, persAF: 5%)).
4.4 Discussion
We investigated the presence, duration, area, and the trajectories of repetitive conduction patterns in 
epicardial high-resolution direct contact mapping data of patients with paroxysmal and persistent AF. 
Repetitive conduction patterns were identified in the majority of patients, both in pAF and persAF. Not 
only the prevalence of repetitive patterns was higher in pAF patients compared to persAF patients, but 
also the overall stability of AF patterns. The majority of repetitive patterns were peripheral waves, often 
with conduction block, while breakthroughs and reentries occurred less frequently. 
4.4.1 AF pattern stability and AF complexity 
Analysis of recurrent patterns through normalized preferentiality showed that persAF patients exhibit 
patterns that are more variable compared to pAF patients. These findings may reflect well described 
changes of the atrial substrate under the influence of AF, where prolonged AF leads to more complex 
atrial substrate with a higher degree of block and a higher degree of electrical dissociation.19 This 
complex substrate may cause repeating AF patterns to become less stable in time and location. 
4.4.2 Classification of repetitive patterns
In the present study, five types of repetitive conduction patterns were used: Peripheral with block, 
peripheral without block, breakthrough, reentry and undecided. Both pAF and persAF patients showed 
more blocked than unblocked waves, but blocked waves were more common in persAF. Nine intervals 
showed a repeating pattern of breakthroughs and peripheral waves. Reentries were only found in two 
intervals.
Classification of the repetitive patterns revealed that the ratio of blocked versus unblocked peripheral 
waves is higher in the persistent AF group. Uninterrupted peripheral waves were mostly observed in 
pAF patients, but were almost absent in persAF patients. This indicates that patients with persistent 
AF have a more complex atrial substrate with a higher incidence of conduction block. Interestingly, 
nine repetitive patterns where classified as breakthroughs. Repetitive breakthroughs, visible as radial 
spread of conduction from one point in the mapping array, may represent rapid ectopic firing or endo-
epicardial dissociation and might be responsible for the perpetuation of AF.9,20–23 
Peripheral waves without conduction block were found relatively more often for paroxysmal AF patients 
and may indicate a zone of unidirectional conduction that can be part of a macro-reentry circuit, or 
conduction away from a source. Reentry was observed in 2 patterns (in 2 patients), a relatively small 
percentage of all repetitive patterns. When the total reentry path of the pattern was visible in at least 
one reentry cycle, the pattern was classified as reentry to avoid a negative bias against reentries. Pivoting 
waves (waves from one direction pivoting around a line of block and returning to the same direction 
without crossing the line of block), seen in 8 intervals (7 patients), were not counted as reentries. The 
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low incidence of repetitive reentry is in line with an earlier analysis of our dataset where incidence of 
reentry itself was low.16 Hansen et al. found a higher prevalence of reentry in isolated human atria along 
endocardial bundles. Their measurements were however performed in the presence of compounds 
that shorten the AF cycle length which strongly favors reentry.10  
4.4.3 Potential applications
For many years, attempts have been made to design a mapping approach for alternative AF ablation 
targets. Well-known examples are dominant frequency mapping24, complex fractionated electrogram 
mapping25 and rotor mapping26. None of these techniques have so far proven to consistently increase 
success rates of catheter ablation in AF. The inconsistent results from ablation trials may be partly 
attributable to technological shortcomings of the mapping techniques used. Our earlier work has 
documented that fractionation indices used in commercially available mapping systems do neither 
correlate well among each other nor with the incidence of conduction block.27 Phase analysis of filtered 
electrograms as usually used in rotor mapping strongly overestimates rotational activity during AF.16 
The fundamental mechanisms driving AF are still heavily debated by key opinion leaders because of 
the differences in preprocessing methods, analysis and interpretation of fibrillation electrograms.9,28 
Currently proposed hypotheses are that AF is driven or sustained by: focal activity emanating from 
varying locations throughout the atria;9,29 spiral wave rotors that may change in complexity during the 
remodelling process30,31 (also suggested by studies using ECG-imaging32); localized stable rotors (showed 
by using the Focal Impulse and Rotor Modulation (FIRM) approach33,34);multiple wavelets in the three-
dimensional architecture of the atrial wall.20,35 
In the context of AF ablation beyond PVI, AF sources are particularly interesting when they are stationary 
or preferentially occur at specific sites. In such cases conduction close to a source should be highly 
repetitive and propagating away from this source independently from the actual mechanism of the 
source. Hence, a repetitive pattern detection technique could help identify and localize AF sources. The 
existence of repetitive patterns during human AF – as demonstrated by the present study – therefore 
supports the temporary presence of prevailing conduction paths that may be linked to temporarily 
active, stationary drivers for AF. Ablation of these drivers could be an opportunity to restore sinus rhythm.
Another potential application of this method is the construction of composite AF conduction maps. The 
presence of repeating patterns allows combining atrial recordings that have been recorded sequentially 
into one composite activation map showing these repetitive patterns for the whole atrium. This method 
is commonly used to produce sinus rhythm activation maps based on several separate recordings 
throughout the atria. Because of the repetitive nature of activation sequences found in this study, 
this approach may partly be transferable to mapping of AF. The feasibility of such an approach was 
demonstrated in the recent RADAR trial, where activation patterns identified in the coronary sinus have 
been used to link sequential but small activation patterns to one larger composite map.14
4.4.4 Limitations
The mapping arrays used in this study only cover part of the atria. Therefore, we do not know the state of 
the atria outside of the mapping array. To overcome this limitation, future measurements may use either 
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a larger mapping array or multiple mapping arrays at the same time, or use a single mapping array and 
a reference signal to create a composite map from sequentially mapped data. 
For this study, only 10s of data was used for the analysis of recurrent patterns. Patterns that are recurrent 
with pauses longer than 10 seconds between the recurrences would have been missed. Despite our 10s 
recordings, we did find recurrent intervals in the majority of recordings, suggesting that for this type of 
analysis relatively short recordings could already provide meaningful data.
Preferentiality plots were used to summarize the conduction pattern of individual recurrent intervals. 
A possible limitation of using preferentiality plots is the compression of temporal information. When a 
conduction pattern shows regular conduction from left-to-right for the first half of the recurrent interval, 
but then changes to right-to-left conduction for the second half or the recurrent interval, the average 
conduction direction may be too uncertain to quantify. Visual comparison of the preferentiality plots 
with activation animations showed that this effect was negligible in this dataset. 
The threshold used to decide whether two snapshots are similar was adaptive and based on the 
expected AF cycle length. This led to a sensitive, but not specific detection of repetitive snapshots. 
Consequently, not all intervals could be categorized as a conduction pattern, although this occurred in 
only 2 out of 96 cases
4.4.5 Conclusion
High-density epicardial contact mapping in AF patients reveals frequent repetitive conduction patterns. 
In persistent AF patients, repetitive patterns were less frequent, smaller and more variable than in 
paroxysmal AF. The majority of repetitive conduction patterns were (blocked) peripheral waves entering 
from outside the mapping array. Repetitive breakthrough and reentry patterns were observed in a small 
minority of cases. The existence of repetitive patterns during AF suggests the presence of stationary AF 
drivers. Future research should elucidate whether detection of repetitive patterns can help to locate AF 
drivers.
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The normalized preferentiality was calculated as follows:
Where Prefnorm is the normalized preferentiality, ∑Prefpref>0.5 is the sum of all preferentiality values>0.5, 
#electrodes Pref>0.5 is the number of electrodes where the preferentiality is >0.5 and #electrodespref>0.5 
is the number of electrodes where the preferentiality is >0.5.
4.6.2 Conduction pattern definitions
The following definitions were used to visually discriminate conduction patterns based on the 
preferentiality plot, average activation sequence plot and an animation of the activation pattern.
Peripheral with block:
• Animation: Wave entering from outside the mapping array. Wave conduction stops at the same 
position inside the mapping array for multiple repetitions. Wave cannot pass over the line of block.
• Average activation sequence plot: Activation starts from the edge of the mapping array, indicating 
a wave coming from outside the mapping array. Activation stops at the line of block
• Preferentiality plot: Direction of activation points away from the edge of the mapping array, 
towards the line of block. Preferentiality is high (>0.5) but can be lower close to the block line due 
to varying activation direction near this area.
Peripheral without block:
• Animation: Wave entering from outside the mapping array. Wave travels to the site opposite of the 
side of entrance of the mapping array with no or very little disturbances in activations. 
• Average activation sequence plot: Activation starts from the edge of the mapping array, indicating 
a wave coming from outside the mapping array. Latest activation is on the opposite site of the side 
of entrance.
• Preferentiality plot: Direction of activation points away from the edge of the mapping array, 
towards the opposite side of the mapping array. Preferentiality is high (>0.5) for (nearly) all 
electrodes.
Breakthrough:
• Animation: Wave originating from inside the mapping array. Wave travels away from the area of 
first activation.
Prefnorm= 
ΣPrefPref > 0.5 
#electrodesPref > 0.5 Total #electrodes 
#electrodesPref > 0.5 
Total recording duration 
Interval duration
* *
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• Average activation sequence plot: Earliest activation is located inside the mapping array. 
Activations radiate outwards from the earliest activation.
• Preferentiality plot: Direction of activation points away from the earlies activated site. Preferentiality 
can be low close to the breakthrough site, as small variations in breakthrough site location can 
cause conduction towards opposite sides for electrodes close to the breakthrough site.
Reentry:
• Animation: Wave should show reentry within the mapping array. Wave enters the mapping array, 
turns, and continues over the path of initial entrance. When the total reentry path of the pattern 
was visible in at least one reentry cycle, the pattern was classified as reentry to avoid a negative 
bias against reentries. Pivoting waves (waves from one direction pivoting around a line of block and 
returning to the same direction without crossing the line of block) were not counted as reentries.
• Average activation sequence plot: Activation sequence shows circular pattern, with the latest 
and earlies activation in close proximity. 
• Preferentiality plot: Direction of activation shows circular direction of activations. Preferentiality 
can be lower in the part where the beginning and end of the reentry come together. 
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Abstract
Background
Adenosine can be used to reveal dormant pulmonary vein (PV) conduction after PV isolation (PVI). 
This study presents a subanalysis of real-world one-year follow-up data from the ESC-EHRA EORP 
Atrial Fibrillation (AF) Ablation Long-Term registry to analyze the usage of adenosine during PVI 
treatment in terms of rhythm outcome and safety.
Objective
The registry consists of 104 participating centers in 27 countries within the European Society of 
Cardiology. The registry data was split into an adenosine group (AG) and a no-adenosine group 
(NAG). Procedure characteristics and patient outcome were compared.
Results
Adenosine was administered in 10.8% of the 3591 PVI patients included in the registry. Spain, the 
Netherlands and Italy included the majority of adenosine cases (48.8%). Adenosine was applied 
more often in combination with open irrigation RF-energy (74.7%) and less often in combination 
with non-irrigated RF energy (1.6%). After 1 year, a higher percentage of the AG was free from AF 
compared to the NAG (68.9% vs 59.1%, p<0.001). Adenosine was associated with better rhythm 
outcome in RF ablation procedures, but not in cryo-ablation procedures (freedom from AF: RF: AG: 
70.9%, NAG: 58.1%, p<0.001, cryo: AG: 63.9%, NAG: 63.8%, p=0.991).
Conclusion
The use of adenosine was associated with a better rhythm outcome after one year follow-up and 
seems more useful in patients treated with RF energy compared to patients treated with cryo energy. 
Given the improved rhythm outcome at one-year follow-up, it seems reasonable to encourage the 
use of adenosine during RF AF ablation. 
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5.1 Introduction
Ablation of the pulmonary veins (PVs) or atrium ideally results in irreversible cell damage and subsequent 
cell death, but can also temporarily cause reversible cell damage leading to a lower resting potential. 
Consequently, these non-destroyed cells are more difficult to activate, causing a transient electrical 
block.1 Once the resting potential of the non-destroyed cells is restored, the ‘dormant conduction’ 
revives. This revival might lead to reconnection of one or more PVs, which is the leading cause of 
arrhythmia recurrence after PVI.2 
It was shown that adenosine can be used to reveal dormant conduction of the PVs after PV isolation 
by increasing the resting potential of PV cells.1 Publications on the usefulness and long-term outcome 
of adenosine use after PVI have come from relatively small clinical trials, observational studies, or 
randomized controlled trials with conflicting results.3 The current guidelines for the management of atrial 
fibrillation consider adenosine testing to identify the need for additional ablation to be controversial.4
This study presents a subanalysis of the large ESC EORP Atrial Fibrillation Ablation (AFA) Long-Term 
registry consisting of real-world one-year follow-up data, to analyze the effects of adenosine use during 
PVI treatment in terms of rhythm outcome and safety.
5.2 Methods
All data were collected from the Atrial Fibrillation Ablation Long-Term registry, a prospective, multinational 
study (not a randomized clinical trial - RCT) conducted by the EURObservational Research Programme 
(EORP). The ESC EORP AFA Long-Term registry was previously described elsewhere.5 In short, it is a 
prospective, multicenter observational study of consecutive patients undergoing an ablation procedure 
for atrial fibrillation (AF) at one of the 104 participating centers in 27 countries within the European 
Society of Cardiology. All patients included in the registry were enrolled between April 2012 and April 
2015 with a maximum of 50 consecutive patients per center. Out of all patients enrolled in the registry, 
patients with an unclassified type of AF, patients who did not undergo an ablation procedure or patients 
treated with both radiofrequency (RF) and cryo energy in the same procedure were excluded to be able 
to perform the analyses presented in this paper. All patients signed an informed consent before data 
collection and were followed up for one year according to the local clinical practice. The protocol was 
approved by the national and/or local Institutional Review Boards, according to existing regulations in 
each country. The registry management, central data quality control and the statistical analysis were 
performed by the EORP Center of the ESC, which coordinated also a random local auditing of 22% 
participating centers across 14 countries. 
The registry data was split into one group of patients where adenosine was used to check for dormant 
conduction (adenosine group: AG) and another group of patients where adenosine was not used (no 
adenosine group: NAG). Since this was an observational registry in which the patients were treated 
according to the local protocol, the application of adenosine during the ablation procedure as well as 
the timing of testing after ablation, dosage of adenosine or additional use of isoproterenol were all left 
at the discretion of the operator. Since adenosine administration was based on the local protocol, it is 
assumed adenosine was used with the intention to treat and therefore for detecting reconnections and 
ablation of these reconnections when present. It is assumed additional ablation is performed in PVs 
only, since adenosine is able to reveal dormant conduction in PV cells, but not in LA cells.1 For the one 
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year clinical follow up data, the registry was first split into a cryoballoon group and a radiofrequency 
energy group, and then into an AG and NAG in order to assess the possible influence of different 
ablation techniques (point-by-point RF vs cryoballoon) on rhythm outcome.   
The 1-year follow-up data of patients enrolled in the in-hospital phase was used for the analyses. 
Continuous variables were reported as mean ±standard deviation (SD), or as median with interquartile 
range (IQR). Group comparisons were made using a non-parametric test (Kruskal–Wallis test). Categorical 
variables were reported as percentages. Group comparisons were made using a chi-square test or 
Fisher’s exact test (if any expected cell count was <5). Plots of the Kaplan-Meier curves for arrhythmia-
free survival according to type of AF categories were generated. The survival distributions were compared 
using the log-rank test. A two-sided P-value < 0.05 was considered statistically significant. All analyses 
were performed using SAS Statistical Software version 9.4 (SAS Institute, Inc., Cary, NC, USA).
5.3 Results
5.3.1 Study population
In the total number of 3591 patients that underwent AF ablation, adenosine was administered in 367 
(10.2%) patients to unmask dormant conduction. 152 patients (4.2%) were excluded because both RF 
and cryo energy was used in the same procedure, resulting in 3439 patients included for the analysis, 
of which 360 were treated with adenosine. A large difference between countries was noted. Most 
adenosine cases were included by centers in Spain, followed by the Netherlands and Italy (respectively 
27.5%, 11.2% and 10.1% of total included adenosine cases), whereas centers in Bulgaria, Denmark, 
Israel, Kazakhstan, Latvia, Romania and Slovenia did not include any adenosine cases (see Table 3).
The AG and NAG consisted of 96 (26.7 %) and 654 (21.2%) redo patients respectively.  After 1 year, 3179 
patients (96.8%) were still in follow-up (10.1% AG, 89.9% NAG). Loss to follow up was 12.8% for the AG 
and 11.3% for the NAG.
5.3.2 Practice of adenosine use
Although there was a significant difference in longstanding persistent AF between the groups (p = 0.004), 
the ratio of paroxysmal, persistent and long-standing persistent was similar, with the longstanding AF 
group accounting for a minority of cases in both groups (see Table 2). The AG consisted of 71.7% 
paroxysmal, 26.4% persistent and 1.9% long-standing persistent AF patients, whereas the NAG consisted 
of 66.9% paroxysmal, 27.6% persistent and 5.5% long-standing persistent AF patients (see Table 2).
The AG had a lower number of ablations of fractionated electrogram sites in both the left (AG: 5.1%, 
NAG: 8.9%, p= 0.015) and right (AG:0.8%, NAG: 3.6%, p= 0.007) atrium, as well as fewer left atrial roof 
lines (AG:7.9%, NAG: 14.0%, p = 0.002) and mitral isthmus lines (AG:3.1%, NAG: 7.0%, p = 0.005) (see 
Table 3). 
Whereas the overall use of adenosine was 10.8%, adenosine was applied more often in procedures 
where open irrigation RF-energy is used (75.8%), while it is less often used in procedures using non-
irrigated RF energy (0.3%) or duty-cycled RF energy (0%) (see Table 3). Cryo energy was relatively over-
represented in the AG (AG: 20.6%, NAG: 15.2%, p= 0.009).
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Total cases Adenosine
Total (% of total 
within country)
% of total within 
Europe
Spain 526 101 (19.2) 27.5
Netherlands 242 41 (16.9) 11.2
Italy 314 37 (11.8) 10.1
Austria 41 27 (65.9) 7.4
United Kingdom 48 22 (45.8) 6.0
Russian Federation 467 21 (4.5) 5.7
Belgium 84 20 (23.8) 5.5
Sweden 108 14 (13.0) 3.8
Ukraine 87 13 (14.9) 3.5
Finland 170 13 (7.7) 3.5
Czech Republic 79 11 (13.9) 3.0
Greece 139 9 (6.5) 2.5
Ireland 28 8 (28.6) 2.2
Portugal 44 7 (15.9) 1.9
Poland 338 7 (2.1) 1.9
Hungary 60 5 (8.3) 1.4
Egypt 78 5 (6.4) 1.4
France 152 3 (2.0) 0.8
Germany 204 2 (1.0) 0.5
Belarus 20 1 (5.0) 0.3
Bulgaria 107 0 (0.0) 0.0
Denmark 17 0 (0.0) 0.0
Israel 53 0 (0.0) 0.0
Kazakhstan 30 0 (0.0) 0.0
Latvia 35 0 (0.0) 0.0
Romania 61 0 (0.0) 0.0
Slovenia 66 0 (0.0) 0.0
Table 1. Adenosine use in Europe
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Procedural effects of adenosine
The use of adenosine did not cause a significantly higher total procedure time (measured from the 
moment of catheter placement until the moment of catheter removal). There was no significant difference 
in achievement of only entrance block between the AG and NAG, but all PVs showed significantly more 
entrance and exit block in the AG when compared to the NAG (see Table 3). Administration of adenosine 
revealed reconnection of PVs in 17.3% of adenosine cases.    
5.3.3 Effects of adenosine usage on patient outcome
Adverse events
Procedural adverse events potentially related to adenosine use were rare. The adenosine group showed 
a higher occurrence of pericarditis (AG: 1.7%, NAG: 0.7%, p = 0.048) and pulmonary vein stenosis (AG: 
0.6%, NAG: 0.0%, p = 0.031, defined as a reduction of the diameter of a PV or PV branch of more than 
50%). There was no significant difference for other general, cardiovascular, gastrointestinal, neurological, 
peripheral/vascular or pulmonary adverse events (see Supplement Table 1).
Adverse events at one year are listed in Supplement Table 2. One infrequently occurring difference in 
adverse events at one year follow-up was found to be phrenic nerve damage (AG: 2/304, NAG: 0/2669). 
One year follow-up
Follow-up at 12 months after the index procedure showed a significant difference in rhythm outcome 
between the AG and NAG; a higher percentage of the AG was free from AF compared to the NAG (AG: 
69.2%, NAG: 58.9%, p < 0.001). Observing a 3-month-blanking period, the AG showed a lower percentage 
of arrhythmia recurrence during the first year after the index procedure compared to the NAG (AG: 
20.8%, NAG: 26.3%, p = 0.038) (see Table 4). 
The one year follow-up rhythm outcome was split into a cryoballoon group (493 patients) and a RF 
energy (non-irrigated radiofrequency, radiofrequency with closed irrigation or radiofrequency with open 
irrigation) group (2517 patients). Patients where both cryo and RF energy was used within the same 
procedure were excluded from the analysis (152 patients). While there was no significant difference 
in rhythm outcome or arrhythmia recurrence between the AG and NAG for patients treated with cryo 
energy, the RF energy group showed less paroxysmal AF patients in the AG group (AG: 16.0%, NAG: 
28.2%, p < 0.001), more patients without AF (AG: 70.9%, NAG: 58.1%, p < 0.001) and a lower number of 
arrhythmia recurrences (AG: 19.2%, NAG: 26.5%, p < 0.015) after one year follow-up (see Table 4).
There was no significant difference in the number of redo procedures between the AG and NAG (p = 
0.662), or within the cryo and RF (p = 0.482, p = 0.930) groups during the first year after the procedure 
(see Table 4).
5.4 Discussion
This real-world registry shows adenosine to be used in only a small number (10.2%) of AF ablation 
procedures within the 104 participating centers of the ESC-EHRA Atrial Fibrillation Ablation Long-Term 
registry of the European Society of Cardiology, and that there are large regional differences in adenosine 
use within Europe. The registry shows significant differences in freedom from arrhythmia after 1 year 
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and in the number of arrhythmia-related hospitalizations, both in favor of the AG. The very low overall 
incidence of complications precludes further explanation regarding the cause of these adverse events. 
Adenosine seems to be more useful in RF patients compared to patients treated with cryo energy. 
The low number of adenosine cases might be explained by the adherence to guidelines. Adenosine use 
was not covered in the guidelines available at the time of inclusion. At the time of writing, the guidelines 
describe adenosine as “may be considered” and “controversial”. 2,4 
Multiple studies indicated no significant difference in terms of arrhythmia recurrence between using 
a cryoballoon or RF catheter. Our results, however, showed that adenosine use was associated with a 
difference in rhythm outcome between cryoballoon and RF: patients treated with RF energy seem to 
benefit from adenosine use, whereas patients treated with cryo energy did not. Application of point-
by-point RF energy may be technically more challenging compared to the delivery of cryo energy with 
the use of a cryoballoon. This might lead to more gaps in the ablation line, which is associated with 
lower long-term ablation success.6 Adenosine reveals these gaps, which might explain the difference 
in outcome between the AG and NAG in the RF group. This outcome is in contrast to the UNDER-
ATP study by Kobori et al.7 In this study, 2113 AF patients were randomized to RF energy PVI with vs 
without adenosine. Rhythm outcome after one year follow-up was not statistically different. A possible 
explanation for this discrepancy can be found in the baseline characteristics of our study. Whereas 
Kobori et al. report no significant differences in baseline characteristics between the two groups for 
paroxysmal, persistent and long-standing AF, our AG had a small but significantly higher percentage of 
paroxysmal AF patients, and a small but significantly lower percentage of long-standing persistent AF 
patients when compared to the NAG. The differences in baseline characteristics can be explained by 
the different study designs. Whereas Kobori et al. performed a prospective randomized trial, our study 
contains data from a retrospective registry and is more focused on adenosine usage, in comparison to 
outcome.
The ADVICE trial is a multicenter, randomized superiority trial consisting of 534 patients who underwent 
PVI with adenosine treatment at the end of the procedure.8 Patients showing dormant conduction were 
randomly assigned to additional adenosine-guided ablation or to no further ablation, whereas patients 
not showing dormant conduction were followed in a separate registry. After one year, there was a 
significant difference between the groups regarding freedom from any atrial tachyarrhythmia after a 
single procedure, both with and without the use of anti-arrhythmic drugs. The dormant conduction group 
with additional ablation outperformed the non-dormant conduction group, which in turn outperformed 
the dormant conduction group without further ablation. Because the patients in our study who received 
adenosine after PVI either had no dormant conduction, or the reconnected PV was re-isolated, we can 
compare our results to the ‘dormant conduction with additional ablation group’ combined with the ‘no 
dormant conduction registry group’ of the ADVICE trial. The ADVICE trial reports that after one year 
63.4% of patients where adenosine was used (the dormant conduction with additional ablation group 
combined with the no dormant conduction registry group) are free from any atrial tachyarrhythmia after 
a single procedure. This is comparable to our finding of 68.9% freedom of AF for the AG. 
The differences between the UNDER-ATP study, the ADVICE trial and our registry indicate that further 
research should be undertaken to investigate the effect of adenosine on arrhythmia recurrence 
after PVI. This should also answer the question whether adenosine should be used in combination 
with cryoballoon, RF or both, since the registry shows that the use of adenosine is not associated with 
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improved rhythm outcome in combination with cryoballoon procedures but is currently used more 
often with cryoballoon procedures than RF procedures.
The UNDER-ATP study and ADVICE trial are responsible for the majority of cases included in two recent 
systematic reviews and meta-analysis.3,9 The meta-analysis of Wang et al. included 22 comparative studies 
and randomized controlled trials. Although there was significant heterogeneity between investigated 
studies, the authors conclude that the presence of PV reconnections identified with adenosine (and 
not ablated) result in poorer rates of freedom from AF, and that administration of adenosine post 
PVI improves rates of freedom from AF by identifying areas for further ablation. Wang et al. show a 
comparable outcome to our results (freedom from AF: AG: 67%, NAG: 63% (Wang et al.), versus AG: 
68.9%, NAG: 59.1% (this study)). Afzal et al. present a meta-analysis over all RCTs investigating adenosine 
and PVI. The study included 5 RCTs available, all using RF catheters. The conclusion is that routine use 
of adenosine to guide PVI does neither improve arrhythmia-free survival nor need for repeat ablation. 
As noted by the authors of both meta-analyses, their outcome depended on the methodology of the 
observed studies, and there is a large variation in methods. Patient selection, PVI procedure, adenosine 
dosage, waiting time after adenosine administration, follow-up duration and follow-up method are 
(amongst others) variables that ideally should be controlled for. Our results add to the growing body of 
data by showing that adenosine testing can improve outcome in specific cases in a large, multi-center 
real world cohort.
A significantly higher occurrence of phrenic nerve damage at 1-year follow-up was observed in the AG, 
although the absolute numbers are low. Since phrenic nerve damage is reported as the most frequent 
adverse event for cryoballoon ablations,10,11 the fact that cryo energy was used more often in the AG 
could have caused this difference in adverse events outcome.  
If adenosine reveals dormant conduction, extra ablation is needed to close the line isolating the PVs. 
These extra ablations increase the energy delivered to the PVs, which in turn increases the chance 
of pericarditis and PV stenosis. This can be a reason for the increase in pericarditis and PV stenosis 
occurrence in the AG.
The fact that cryo patients do not seem to benefit from the use of adenosine might partially be a 
procedural reason. Most cryo ablations are PVI-only ablations and do not use a catheter able to target 
regions outside of the PV, nor make linear lesions. However, we compare these to RF ablations where 
adenosine is used, and in this group, only a minority (61 out of 353) received LA linear lesions.
Force sensing catheters and ablation index technology were not widely used during the inclusion period 
of this registry. The use of these techniques might decrease the need for adenosine testing, as research 
indicates that the quality of point-by-point RF lesions increases significantly by using force sensing 
catheters and ablation index technology.12,13 
5.4.1 Limitations
The main limitations of this registry have already been described previously5. A prospective design 
requiring consecutive inclusion of patients was used to minimize the risk of selection and reporting 
bias. The EURObservational Research Programme Department of the ESC performed extensive 
validation and invited external auditors to assure quality and reliability of the data, as mentioned in the 
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methods section. The interpretation of recurrence data may be limited by inhomogeneous and partially 
insufficient arrhythmia monitoring. Follow-up at one year was performed in 52.8% by clinical visit, 44.2% 
by telephone contact and 3.0% by contact with the general practitioner, and although 82.7 % of patients 
had a clinical visit within the first year, ideally all patients would have had one year follow up by clinical 
visit and Holter monitoring to discover possible asymptomatic recurrence. 
The ESC-EHRA EORP Atrial Fibrillation Ablation Long-Term registry was not designed to answer specific 
questions regarding adenosine dosage, timing or strategy since the criteria for adenosine use, dosage, 
timing and strategy were all left at the discretion of the operator. This precludes detailed conclusions 
about specific adenosine strategies.
Another limitation of the registry is that it contains no explicit information whether additional ablation 
was performed when PV reconnections where found. Since adenosine administration was based on the 
local protocol, it is assumed adenosine was used with the intention to treat and therefore for detecting 
reconnections and ablation of these reconnections when present.
Because this registry presents observational data, the possibility of confounding factors that may 
influence the descriptive study results cannot be excluded. Because of the very low incidence of 
complications in this registry, it is not possible to provide evidence on possible correlations between 
complications, ablation techniques and adenosine use. The main focus of the analysis is the use of 
adenosine within Europe. Since this is not a randomized controlled trial, small but significant differences 
in baseline characteristics between the AG and NAG might influence the results.
5.5 Conclusion
In conclusion, this observational study shows that, though adenosine is used in only a small number of 
AF ablation cases, its use is associated with a better rhythm outcome in patients treated with RF energy. 
Given the very low incidence of complications associated with the use of adenosine, it seems reasonable 
to encourage the use of adenosine during RF energy AF ablation. These findings need to be confirmed 
in randomized controlled trials.
Adenosine usage during AF ablation in Europe | 99
5
5.6 References
1. Datino T, Macle L, Qi X-Y, et al.: Mechanisms by which adenosine restores conduction in dormant 
canine pulmonary veins. Circulation 2010;121:963–972. 
2. Calkins H, Hindricks G, Cappato R, et al.: 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus 
statement on catheter and surgical ablation of atrial fibrillation. Europace 2018;20:e1–e160. 
3. Wang N, Phan S, Kanagaratnam A, Kumar N, Phan K: Adenosine Testing After Atrial Fibrillation 
Ablation: Systematic Review and Meta-analysis. Hear Lung Circ 2017;27:601–610. 
4. Kirchhof P, Benussi S, Kotecha D, et al.: 2016 ESC Guidelines for the management of atrial fibrillation 
developed in collaboration with EACTS. Europace 2016;18:1609–1678. 
5. Arbelo E, Brugada J, Blomström-Lundqvist C, et al.: Contemporary management of patients 
undergoing atrial fibrillation ablation: in-hospital and 1-year follow-up findings from the ESC-EHRA 
atrial fibrillation ablation long-term registry. Eur Heart J 2017;38:1303–1316. 
6. Kuck K-H, Hoffmann BA, Ernst S, et al.: Impact of Complete Versus Incomplete Circumferential Lines 
Around the Pulmonary Veins During Catheter Ablation of Paroxysmal Atrial Fibrillation: Results From 
the Gap-Atrial Fibrillation-German Atrial Fibrillation Competence Network 1 Trial. Circ Arrhythm 
Electrophysiol 2016;9:e003337. 
7. Kobori A, Shizuta S, Inoue K, et al.: Adenosine triphosphate-guided pulmonary vein isolation for 
atrial fibrillation: The UNmasking dormant electrical reconduction by adenosine triphosphate 
(UNDER-ATP) trial. Eur Heart J 2015;36:3276–3287. 
8. Macle L, Khairy P, Weerasooriya R, et al.: Adenosine-guided pulmonary vein isolation for the 
treatment of paroxysmal atrial fibrillation: an international, multicentre, randomised superiority 
trial. Lancet 2015;386:672–679. 
9. Afzal MR, Kahaly O, Weiss R, et al.: Expert Review of Cardiovascular Therapy Adenosine triphosphate 
/ adenosine guided pulmonary vein isolation does not improve the outcomes of ablation : a meta-
analysis of randomized controlled trials. Expert Rev Cardiovasc Ther 2018;16:313–318. 
10. Kuck K-H, Brugada J, Fürnkranz A, et al.: Cryoballoon or Radiofrequency Ablation for Paroxysmal 
Atrial Fibrillation. N Engl J Med 2016;374:2235–2245. 
11. Canpolat U, Kocyigit D, Aytemir K: Complications of Atrial Fibrillation Cryoablation. J Atr Fibrillation 
2017;10:1620. 
12. Schaeffer B, Willems S, Meyer C, et al.: Contact force facilitates the achievement of an unexcitable 
ablation line during pulmonary vein isolation. Clin Res Cardiol 2018;107:632–641. 
13. Hussein A, Das M, Chaturvedi V, et al.: Prospective use of Ablation Index targets improves clinical 
outcomes following ablation for atrial fibrillation. J Cardiovasc Electrophysiol 2017;28:1037–1047. 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































General discussion | 109
6
6.1 General discussion
Management of atrial fibrillation (AF) consists of anticoagulation, optimal treatment of cardiovascular 
co-morbidities and risk factors, and symptom control achieved by either electrical or pharmacological 
cardioversion or pharmacological rate control.1 One of the first treatments of AF was ablation of the 
atrioventricular junction, thereby uncoupling the electrical conduction system of the atria from the 
ventricles.2,3 This treatment stops irregular AF activations from reaching the ventricle, but also prevents 
adaptation of the heartrate to exercise. The first AF treatment with preservation of exercise capacity 
was the Cox-Maze procedure. This procedure involved transmural incisions that walled-off sections of 
the atria, including the pulmonary veins (PVs), and created a path to guide the electrical activity from the 
sinoatrial node to the atrioventricular node.4 The success rate was high, 93% of patients were arrhythmia 
free without antiarrhythmic medication after 3-102 months.5 Despite the high success rate, the Cox-
Maze procedure was mostly used as add-on procedure for open chest surgeries (bypass graft surgery, 
valve replacement) instead of primary therapy for AF due to the invasiveness of the procedure and the 
high complication rate.6,7 Catheter ablation was used as minimal invasive alternative to create linear 
lesions in the atria without having to open the chest. After the discovery that most of the triggers causing 
AF reside within the PVs8, treatment shifted from ablation of endocardial linear lesions to endocardial 
electrical isolation of the PVs . After decades of research and practice, catheter ablation to cure AF is 
still not effective in a large percentage of patients. Analysis of a registry by the European Society of 
Cardiology revealed that, when considering all types of AF, 34.2% of AF patients in Europe treated with 
catheter ablation had an episode of atrial arrhythmia during the 12-month follow-up period.9
The success of catheter ablation for the treatment of AF depends on many factors, both during the 
ablation procedure as well as before and after. The focus of this thesis is the non-pharmacological 
electrophysiological AF management, including population-wide screening for AF, non-invasive pre- and 
post-procedural evaluation, invasive electro-anatomical mapping, and ablation-procedure techniques. 
These topics are addressed in the following sections.
6.1.1 Screening
Population-wide structural screening for AF is currently not performed. AF is commonly only diagnosed 
after patients present with symptoms, but can be present long before. Symptom severity can vary from 
asymptomatic forms, light symptoms, such as palpitations or fatigue, to severe complications such as 
stroke. Screening and early intervention of AF has the potential to avoid complications that otherwise 
substantially contribute to morbidity and mortality of AF patients.10 Furthermore, early intervention 
of AF may stop the progression of AF from paroxysmal to persistent or permanent AF.11 Postponing 
intervention to the stage of persistent or permanent AF is associated with a lower success rate for the 
eventual catheter ablation and a higher rate of AF related complications. Population-wide screening for 
AF has become feasible due to new screening devices. These devices can be consumer electronics such 
as watches or other wrist-worn wearables, or custom AF screening devices built for high-volume patient 
screening. AF sensing watches12 and AF screening devices13 have been proven highly sensitive for AF 
detection. A cost-effectiveness study for the MyDiagnostick AF screening device showed an increase 
in quality-adjusted life years combined with a reduction in overall cost of healthcare when screening 
was performed in a population at risk.14 A recent review on population-wide AF screening mentions 
enthusiasm for screening, but warns that there are key issues that must be resolved. These issues 
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include which populations to screen, with what device, using what screening methodology, for how long 
to screen, and what duration or burden of AF is sufficient to justify initiation of anticoagulant treatment.15 
Population-wide screening should be cost-effective and not overburden the healthcare system. Since 
the incidence of AF increases with age16, effectiveness of screening can be improved by selecting an 
older population for screening. There is a tradeoff between duration of the measurement, technique 
used for the measurement and the logistics of screening. Sensitivity of AF detection increases with 
longer and non-intermittent measurements, while specificity increases by manual review of recorded 
rhythms. Long measurements not only require long battery life, but also signal storage capacity for 
later review of the signals. Furthermore, recording over a longer time requires the distribution and 
collection of screening devices. The ideal population-wide screening would use a patient’s own device for 
screening. If irregularities in rhythm are detected, the patient will be referred to their general practitioner 
for follow-up. This approach ensures population-wide coverage with long registrations, while minimizing 
the burden on the healthcare system. Efficiency becomes important when more patients are referred 
for AF management due to better screening. This thesis presents new methods that, in the future, may 
be used for more efficient AF treatment. Adenosine can help making robust ablation lines, thereby 
reducing the need for redo ablations. Non-invasive pre- and post-procedural evaluation can potentially 
aid in choosing the right approach for AF ablation, shortening the procedure time and reducing the need 
for redo ablations. The mapping of repetitive patterns may in the future assist in finding AF sources, 
increasing the success rate of AF ablation. These techniques are discussed in the next sections.
6.1.2 Non-invasive pre- and post-procedural evaluation 
Non-invasive imaging techniques are used to plan PVI procedures. MRI or CT imaging provide anatomical 
information such as the number of PVs and their branching pattern, PV ostial measurements, LA 
dimensions and possible anatomic anomalies. Gaps in ablation lines have been shown by using delayed 
gadolinium enhancement MRI in a research setting.17 This information on atrial status before starting 
an ablation procedure may help the electrophysiologist in choosing the most appropriate ablation 
approach. ECG imaging (ECGi) is a technique where signals recorded on the body surface are back-
projected to show activations on the atrial anatomy. The use of ECGi as non-invasive imaging technique 
for AF is currently under investigation.18,19 Body surface signals can also be linked directly to recorded 
atrial activations, negating the use of a back-projection algorithm. This thesis focused on the P-wave as 
non-invasive atrial evaluation technique. Utilization of non-invasive signals, such as the ECG P-wave in 
body surface recordings, can aid in pre-ablation or pre-redo ablation decision making. As an example, if 
the analysis of P-wave morphology would allow the detection of PV reconnection, the electrophysiologist 
may opt for a cryoballoon for efficient re-isolation. If P-wave analysis does not show reconnection, 
the electrophysiologist may decide to choose a multi-electrode grid catheter for increased mapping 
coverage, or a radiofrequency catheter to enable the creation of spot ablations in the LA away from 
the PVs. In Chapter 2, we presented a method to investigate if the P-wave measured at different body 
surface locations provides an accurate measure for the timing and location of the ultimate left-atrial 
activations. Determining the p-wave properties correctly is important, because it can provide information 
on the electrical status of the atrium. Especially the last part of the P-wave can contain information on 
PV isolation status because the left PV region is one of the latest activated regions in the left atrium. 
Deviation of normal P-wave duration, either longer or shorter, is associated with an increased risk of AF 
and risk of AF recurrence after PVI. However, the mechanism behind this association is unclear. Better 
knowledge on how the total atrial activation time can be estimated from the P-wave is needed to identify 
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the mechanism responsible for this association. 
In the future, by extending the work in Chapter 2 and adding more data, the underlying activation 
pattern of short, normal and long P-waves can be quantified. By linking the body surface recordings to 
endocardial local activation times, it would be possible to estimate what part of the atrium corresponds 
to a certain point in time on the body surface P-wave. This information would enable both the detection 
of divergent P-wave morphologies and the linking of these deviations to atrial regions. A change in 
P-wave morphology can then be attributed to, for instance, the region of the pulmonary veins. This 
link between P-wave morphology and endocardial activation patterns may then be used to monitor 
reconnection status of PVs non-invasively. The knowledge if a recurrence stems from a reconnection 
or originates outside of the PV area could potentially help in selecting the right ablation method for the 
patient, thereby reducing ablation times and increasing the success rate of ablation procedures.
6.1.3 Invasive electro-anatomical mapping
Recent studies show that all PVs are still electrically isolated in 8-62% of patients undergoing a redo 
ablation for recurrent AF.20–24 Mapping and ablating outside the PVs did not consistently reduce 
recurrence rate so far, certainly not in patients with persistent AF. Neither adding linear lesions, nor 
ablation of complex fractionated areas or the mapping and ablation of rotors resulted in improvement 
in rhythm outcome.25 For these patients it is important to be able to identify AF sources located outside 
of the PVs.
Chapter 3 introduces a method to automatically identify and characterize repetitive conduction patterns 
in high-density contact mapping in a goat model. Chapter 4 applies this methodology to human data. 
The technique to identify and characterize repetitive conduction patterns does not focus on one specific 
characteristic of the recorded signals (for instance, the dominant frequency), but instead considers the 
total spatiotemporal signal and searches for repetitive patterns. Repetitive patterns are expected near 
localized and stable AF sources independently from its mechanisms (be it ectopic focal discharges or 
local reentries). Besides, repetitive patterns have also been found to assist in identifying anatomical 
structures harboring preferential conduction paths and thereby reflect the underlying bundle structure 
of the atrium.26 Our results showed the existence of multiple patterns over time in the same recording. 
Switching between different repetitive patterns within the same recording was observed. A different 
pattern can be viewed as a different conduction state of the atrium. The different states may represent 
different AF sources or AF drivers, which are independently able to perpetuate AF. With a wide enough 
coverage of the atria, recurrence mapping can possibly reveal the dominant drivers of a repeating 
pattern, and ablation at this location may cause conversion of AF to sinus rhythm. 
In Chapter 3 It was shown that AF patients show repeating patterns. The patterns in persistent AF 
patients have a shorter duration and involve a smaller area when compared to paroxysmal AF patients. 
It is likely that this difference in AF recurrences is related to the higher complexity of AF in patients with 
persistent AF reflecting the presence of a structural substrate in these patients. 
All recordings in Chapter 3 and 4 are made with disposable high-density grids that measure the 
epicardial side of the atrium. The mapping approach has to be usable with endocardial signals to become 
clinically relevant. Since repetitive patterns can be detected independent of mapping catheter shape, 
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testing this methodology can be done on signals measured on the endocardial side of the atrium during 
standard mapping procedures. Best results are expected when the mapping catheter is in a stable 
position on the atrial wall during the measurement to prevent drift. The spacing of the electrodes on 
the mapping catheter is also important, as a larger electrode spacing may not be able to pick up subtle 
repeating patterns. New commercially available high-density mapping catheters, for example the advisor 
HD grid (Abbot) with a 4x4-electrode grid, may already be usable for this mapping approach. Future 
work should look into the spatial stability of repeating atrial patterns. If repeating patterns in the atria 
show high spatial stability, maps of small atrial regions measured in sequence could be combined to 
create a map of the total atrium. 3D atrial modeling can help answering the question whether repetitive 
patterns can identify AF sources. High spatial resolution atrial 3D models can show electrograms of all 
locations on the atrial surface at the same time.27 The influence of drivers on the recurrent patterns can 
be investigated by modelling different drivers. Using this modeling approach, the influence of multiple, 
moving or alternating sources on repetitive atrial patterns can be studied for all locations on the left 
atrium.
6.1.4 Ablation-procedure techniques 
The creation of contiguous ablation lines leads to a higher PVI success rate compared to PVI with non-
contiguous ablation lines.28 The most common way to check for proper electrical isolation is by pacing in 
the isolated PV, and checking presence of exit block or entrance block.29 However, robustness of ablation 
lines is not always accurately verifiable during the procedure.17,30 Means to ensure robust ablation lines 
can prevent AF recurrence, and thereby progression of AF.
The focus of this thesis was not the creation of ablation lines, but a method to evaluate the quality 
of ablation lines. In Chapter 5 we investigated the use of adenosine to reveal dormant conduction 
during PVI. The results show a small benefit in rhythm outcome when adenosine is used. In an expert 
consensus statement on catheter- and surgical ablation of AF, published in the same year as the first 
results of the real world registry used in Chapter 5, 61% of the expert group uses adenosine, compared 
to only 10% in the registry. This can be an indication that real world practice needs time to adapt to new 
ideas. During the writing and publication of the Chapter 5, evidence for the use of adenosine during 
PVI was contradictory.31–33 Although our results showed a beneficial effect of adenosine use on rhythm 
outcome, the source of the data (a registry not build for the purpose of adenosine evaluation) precluded 
strong recommendations for adenosine use. In the months following the publication of Chapter 5, 
multiple studies regarding this topic have been published that underline our conclusion that adenosine 
testing and the subsequent ablation of dormant conduction show a beneficial effect on long-term PVI 
outcome.30,34 Therefore it may be reasonable to make adenosine testing a standard part of PVI protocols 
under certain circumstances. This, however, has to be preceded by a study in the cost effectiveness 
of adenosine testing. Adenosine testing adds time to ablation procedures, and an optimum has to be 
found between using adenosine for all patients, or to select patients that might benefit the most from 
this technique. Patient selection could be based on factors like non-standard PV anatomy, previous 
ablations, AF type or a combination of these factors.
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6.2 Impact of our research on the scientific field and society
By publication of our methods, we enable researchers from other groups to learn from our work and to 
expand upon it towards better AF care. In this thesis, multiple methods have been presented. 
Chapter 2 introduces a method to combine endocardial data and body surface data recorded on 
different points in time to study the link between atrial activation and body surface P-waves. The methods 
of Chapter 2 pave the way for further investigation towards the link between the activation sequence 
of the atrium and the P-wave morphology as measured on the body surface. The understanding of 
this link is important for the interpretation of body surface signals. The P-wave is a composite signal, 
consisting of the depolarization and repolarization of both atria. Future research may unravel where 
changes in P-wave morphology are localized in the atrium, making the ECG an even more powerful tool. 
P-wave analysis has potential to become a tool for patient stratification. For instance, a change in P-wave 
morphology could be attributed to the region of the pulmonary veins. If a change in P-wave morphology 
indicates a change only at the location of the pulmonary veins, the patient may show a reconnected PV 
instead of a focal AF trigger outside of the PV region. Patients stratified as having no AF triggers outside 
the PVs can be treated without extensive atrial mapping, thus saving time, whereas an indication of non-
PV triggers justifies extensive atrial mapping.
Chapter 3 presents a new method to analyze atrial recordings based on repetitive signals. The chapter 
shows how the technique works on a goat model, and explains the choices for threshold settings. 
Chapter 4 uses the method presented in Chapter 3 and applies it to human data. It is shown that 
paroxysmal and persistent AF patients show different levels of AF complexity, and that repetitive 
intervals can be categorized in different conduction patterns. The analysis of recurrent patterns on 
the atria opens up a new path of atrial mapping and possibly leads to new targets for AF ablation. The 
presentation of the methods to find recurrent patterns in atrial recordings is a first step. Based on the 
first findings that distinct patterns can be discerned, future research should focus on quantification of 
patterns and/or measurements with a good spatial and temporal coverage, either direct or through 
sequential mapping. A first step towards the employment of recurrent analysis in the clinic is the use of 
3D modelling to study the response of recurrent patterns to different AF sources. 
Chapter 5 provides insights in the use of adenosine to reveal dormant conduction during PVI procedures. 
The publication of our findings add data to the discussion whether adenosine has beneficial effects on 
long-term rhythm outcome. Our data shows that adenosine has a positive effect on patient outcome, 
but that the use of adenosine is not common practice in Europe. The use of adenosine should ensure 
a low recurrence rate for patients and a reduction of procedures and redo procedures, thereby easing 
the growing burden of AF patients on the healthcare system worldwide.
The societal impact of the work presented in this thesis lies in future implementation. AF is a growing 
epidemic and it is estimated that AF will affect 14-17 million people worldwide by 2030.35 Using technology 
for smart employment of resources should help coping with the growing number of AF patients in the 
oncoming years. Smart employment means distribution of the right treatment to the right patient to 
ensure adequate AF control with minimal interventions.
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6.3 Conclusion
This thesis showed several methods towards improving the workup for and ablation of AF. The future 
of non-pharmacological AF management should become easier by performing more detailed invasive 
and non-invasive electrophysiological measurements. Future workup for AF patients could be looking as 
follows. Patients eligible for an AF ablation procedure could undergo non-invasive measurements, for 
which Chapter 2 may provide a first step, to be categorized as isolated PVs or not. Ablation-naïve patients 
without any suspicion for AF triggers outside the PV area, or patients that show a reconnection after a 
previous PVI qualify for extensive mapping, in the future possibly using the repetitive pattern mapping 
techniques described in Chapters 3 and 4. This mapping approach may guide the clinician to the 
source or the anatomical pathway responsible for maintaining AF. Patients that are suspected for non-
PV triggers, or patients that underwent PVI but show no signs of reconnection despite AF recurrences 
can be treated with regular PVI methods, with the addition of adenosine to prevent recurrences, as 
discussed in Chapter 5. Before this workflow can be implemented, clinical trials have to be passed. The 
ability to detect reconnections based on P-wave morphology, as well as the benefit of mapping and 
ablation based on recurrence maps has to be proven.
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Atrial fibrillation (AF) is characterized by irregular electrical activation of, and conduction in the atria 
and irregular activation of the ventricles. With an incidence ranging between 0.21 and 0.41 per 
1.000 persons/year, AF is already the most common arrhythmia, but its incidence is still growing. It 
is estimated that AF will affect 14-17 million people worldwide by 2030. AF is a progressive disease 
with a clear need for early treatment. Using technology for smart employment of resources should 
help coping with the growing number of AF patients in the oncoming years. Smart employment means 
distribution of the right treatment to the right patient to ensure adequate AF control with minimal 
interventions. This thesis presents techniques that, in the future, could help in treating AF patients. 
A.2 New tools
The trigger responsible for AF is most commonly found in the pulmonary veins (PVs). A common 
technique to treat AF is to remove the AF trigger by electrical isolation of the PVs (PVI). Patients may 
show AF recurrence after PVI because of an electrical reconnection of the PV, or because an AF trigger 
exists outside of the PVs. Chapter 2 presented a method to investigate if the P-wave measured at 
different body surface locations provides an accurate measure for the timing and location of the 
ultimate left-atrial activations. Determining the P-wave properties correctly is important, because it 
can provide information on the electrical status of the atrium. The link between atrial conduction and 
P-wave morphology can be revealed by expanding the dataset presented in Chapter 2. The link between 
atrial conduction and P-wave morphology may then be used to monitor reconnection status of PVs 
non-invasively, for instance by comparing a body surface map recorded before the PVI procedure to a 
body surface map recorded during follow-up. Increased knowledge of PV-reconnection status, or the 
existence of an AF trigger outside the PVs shown by a lack of PV reconnection, could potentially help in 
selecting the right ablation method for the patient, thereby reducing ablation times and increasing the 
success rate of ablation procedures.
If there is no trigger in the PV regions, methods to detect AF inducing and AF sustaining mechanisms 
located outside the PVs are needed. The ideal technique to find these AF mechanisms does not 
focus on one specific characteristic of the recorded signals (for instance, the dominant frequency or 
voltage), but instead considers the total spatiotemporal signal. Chapter 3 presented such a technique 
to analyze atrial endocardial mapping data by looking for repetitive patterns. Repetitive patterns are 
expected near localized and stable AF sources independently from their mechanisms (be it ectopic 
focal discharges or local reentries) and have been found to assist in identifying anatomical structures 
harboring preferential conduction paths, thereby reflecting the underlying bundle structure of the atria. 
Chapter 3 used recurrence plots to detect repetitive patterns in 60 seconds of high density contact 
mapping data recorded in a goat model. A method was presented to determine if individual repetitive 
intervals are one time occurrences, or if repetitive intervals repeat over time. The results of Chapter 3 
showed the occurrence of repetitive patterns, and that the maximum duration of repetitive patterns as 
well as the size of the regions containing the most dominant repetitive pattern decrease with prolonged 
AF duration in a goat model.
The methodology of searching for repetitive patterns as presented in Chapter 3 was applied to 
human data in Chapter 4. Atrial data was recorded using epicardial high-density grid recordings. 
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Recurrence plots were generated based on 10s of mapping data to study repetitiveness in paroxysmal 
and persistent AF patients. The repetitive patterns were classified into conduction pattern categories. 
Repetitive patterns could be identified in the majority of patients and in equal numbers for paroxysmal 
and persistent AF. The duration of repetitive patterns was longer in pAF patients compared to persAF 
patients. The majority of repetitive patterns were peripheral waves, often with conduction block, while 
breakthroughs and reentries occurred less frequently. The findings of Chapter 3 and 4 may reflect 
well-described changes of the atrial substrate under the influence of AF, where prolonged AF leads to 
more complex atrial substrate indicated by a higher degree of block and a higher degree of electrical 
dissociation. This complex substrate may cause repeating AF patterns to become less stable in time and 
location. Repetitive patterns may represent different AF sources or AF drivers, which are independently 
able to perpetuate AF. In the future, with a wide enough coverage of the atria, recurrence mapping can 
possibly reveal the dominant drivers of a repeating pattern, and ablation at this location may cause 
conversion of AF to sinus rhythm. The analysis of stable repetitive patterns may also allow recordings at 
different sites in the atria to be used to reconstruct a composite activation map during AF, something 
which so far is only possible during stable activation patterns like atrial flutter or sinus rhythm. These 
composite AF activation maps could help increase the spatial coverage of standard mapping catheters.
The creation of contiguous ablation lines leads to a higher PVI success rate compared to PVI with 
non-contiguous ablation lines. However, robustness of ablation lines is not always accurately 
verifiable during the procedure. Means to ensure robust ablation lines can prevent AF recurrence, 
and thereby progression of AF, but also reduce the workload of electrophysiologists by reducing the 
number of redo PVI procedures. A method to evaluate the quality of ablation lines was discussed in 
Chapter 5 where the use of adenosine to reveal dormant conduction during PVI was investigated 
in a large European retrospective database. The results showed a small benefit in rhythm outcome 
when adenosine is used and that adenosine is used in only 10.2% of all cases. Although our 
results showed a beneficial effect of adenosine use on rhythm outcome in selected subgroups, the 
source of the data (a registry not build for the purpose of adenosine evaluation) precluded strong 
recommendations for adenosine use. In the months following the publication of Chapter 5, multiple 
studies regarding this topic have been published that underline our conclusion that adenosine 
testing and the subsequent ablation of dormant conduction show a beneficial effect on long-term PVI 
outcome. Therefore it may be reasonable to make adenosine testing a standard part of PVI protocols. 
A.3 Conclusion
This thesis showed several methods towards improving the workup for and ablation of AF. The future 
of non-pharmacological AF management should become easier by performing more detailed invasive 
and non-invasive electrophysiological measurements. Before the techniques presented in this thesis 
can be implemented, clinical trials have to be passed in which the ability to detect reconnections based 
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en dat werkt heel aardig tot nu toe. Ik ben blij dat jullie altijd bereikbaar zijn, als ik er even geen zin meer 
in heb, maar ook voor nuttige vragen over planten en vlekken in kleding, of het voor de tiende keer 
opzoeken of ik nou wel of geen waterpokken heb gehad als kind. 
Marlies en Leo hebben ook vaak aan mogen horen wat er allemaal gebeurde in het verre zuiden. Ik heb 
veel gehad aan jullie mening over uiteenlopende zaken, de leuke ontspannen gesprekken, tegenwoordig 
ook met Carlijn, en het klusgeweld waarmee in minimale tijd mijn appartement is verbouwd. Door jullie 
ervaring weet ik dat ik zelden de eerste ben die een bepaald probleem op moet lossen, en dat er altijd 
een mogelijkheid is om dat op een goede manier te doen.
Lieve Maartje, jij hebt op menig manier bijgedragen aan de totstandkoming van deze thesis. Misschien 
zonder dat je het zelf door hebt gehad, heb je ervoor gezorgd dat ik soms even afleiding had, dat ik soms 
een nieuw idee kreeg doordat ik je (waarschijnlijk voor de zoveelste keer) aan het vertellen was wat ik 
probeerde te doen. De leuke dingen tussen het werken door, maar ook de aansporing om, als ik er bijna 
was, niet te dralen maar het gewoon af te maken hebben mij enorm geholpen. Bovenal ben ik gewoon 
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